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Appropriate	 development	 of	 the	 cerebral	 cortex	 involves	 the	 accurate	 generation	 and	

positioning	 of	 postmitotic	 neurons	 that	 facilitate	 the	 processing	 of	 complex	 information,	

controlling	higher-level	cognitive	functions	in	mammals.	Once	positioned,	neurons	form	synaptic	

connections	 creating	 the	 necessary	 neuronal	 circuits	 that	 facilitate	 this	 complex	 information	

processing.	The	formation	of	these	connections	and	development	of	these	neurons	are	regulated	

by	 the	 activities	 of	 DNA-binding	 transcription	 factors	 that	 control	 the	 expression	 of	 genes	

encoding	proteins	important	for	establishing	synaptic	connections.	One	such	transcription	factor	

is	the	zinc	finger	repressor	ZBTB18	(Zinc	Finger	Protein	with	a	BTB	Domain	18;	also	known	as	

RP58	or	ZNF238).	ZBTB18	is	crucial	for	fine-tuning	the	expression	of	genes	vital	for	appropriate	

mammalian	brain	development.	Different	types	of	genetic	variation	involving	ZBTB18,	including	

copy	number	and	missense	variants,	are	known	to	cause	human	neurodevelopmental	disorder.	

However,	 individuals	 possessing	 ZBTB18	 missense	 variants	 but	 without	 a	 congenital	

neurodevelopmental	 disorder,	 have	 recently	 been	 identified	 within	 the	 general	 population.	

Therefore,	an	understanding	of	 the	 impact	of	different	variants	 involving	ZBTB18	 is	needed	to	

explain	 these	 different	 phenotypic	 outcomes	 observed.	 This	 understanding	 should	 provide	 a	

better	perception	of	the	role	of	ZBTB18	genetic	variants	in	neurodevelopment	and	disease.	This	

thesis	aimed	to	increase	the	knowledge	of	how	genetic	variation	to	ZBTB18	impacts	on	ZBTB18-

mediated	regulation	of	the	expression	of	fundamental	genes	during	neuronal	development.	

	

An	 initial	 meta-analysis	 of	 cases	 reported	 in	 the	 literature	 refined	 the	 relationship	

between	 copy	 number	 variants	 (CNVs)	 in	 the	 q43-44	 region	 of	 chromosome	 1	 (1q43-44)	

encompassing	ZBTB18,	and	abnormal	brain	development	and	disease	in	humans.	Furthermore,	

this	analysis	also	identified	a	novel	phenotype	of	postnatal	brain	growth	decline	in	 individuals	

with	1q43-44	CNVs,	suggesting	that	genes	within	the	1q43-q44	region	are	not	just	important	for	

prenatal	 development,	 but	 are	 also	 crucial	 for	 postnatal	 nervous	 system	 development.	

Furthering	 this,	 the	 thesis	 explored	 the	 role	 of	 ZBTB18,	 as	 well	 as	 the	 impact	 of	 the	 loss	 of	

Zbtb18,	 during	 the	 proliferation	 and	 differentiation	 of	 neuronal	 stem	 cells	 in	 early	 brain	

development.	 To	 achieve	 this	 a	 mouse	 model	 of	 cerebral	 cortex	 development,	 in	 utero	

electroporation,	 was	 utilised.	 Through	 this	 work,	 ZBTB18	 was	 recognised	 to	 participate	 in	

cooperative	 signalling	 with	 the	 cell	 cycle	 exit	 regulator	 p27kip1	 to	 mediate	 cell	 cycle	 exit	 and	

radial	 migration	 of	 postmitotic	 cortical	 neurons.	 This	 exploratory	 work	 highlighted	 the	

importance	 of	 appropriate	 regulation	 of	 Zbtb18	 and	 its	 downstream	 target	 genes	 for	 proper	

brain	development,	through	its	actions	as	a	transcriptional	regulator.	
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Subsequently,	 a	 pathological	 mechanism	 of	 altered	 DNA-binding	 and	 transcriptional	

regulation,	arising	separately	from	two	different	ZBTB18	missense	variants,	was	determined	for	

two	 unrelated	 individuals	 with	 intellectual	 disability.	 The	 identified	 pathological	 mechanism	

represents	 a	 process	 through	 which	 ZBTB18	 missense	 variants	 can	 cause	 human	 brain	

developmental	 disorder.	 The	 impact	 of	 these	 two	 missense	 variants	 within	 ZBTB18	 in	

individuals	with	intellectual	disability	indicated	that	it	is	not	just	important	to	have	both	copies	

of	ZBTB18.	The	findings	suggest	the	possibility	that	it	is	also	important	that	protein	function	is	

not	 affected	 by	 amino	 acid	 changes	 to	 ZBTB18.	 To	 investigate	 this	 possibility,	 an	 in	 silico	

consensus	approach	was	used	to	prioritise	ZBTB18	missense	variants	for	further	investigation.	

Variants	 were	 selected	 from	 a	 large	 investigation	 of	 genetic	 variation	 across	 the	 general	

population	for	individuals	without	severe	paediatric	disorders	(named	the	Genome	Aggregation	

Database	or	gnomAD).	However,	some	of	these	individuals	did	possess	later-onset	neurological	

disorders,	 including	those	who	also	possess	ZBTB18	missense	variants.	It	was	determined	that	

some	gnomAD	variants	have	an	impact	on	ZBTB18	function.	These	variants	were	found	to	alter	

DNA-binding	and	transcriptional	regulation,	with	the	observed	functional	changes	proposed	to	

impact	neuronal	development.	The	investigation	of	these	variants	provides	initial	evidence	that	

ZBTB18	missense	variants	potentially	lead	to	the	observed	neurological	disorder.	

	

In	 summary,	 this	 thesis	 aimed	 to	 increase	 the	 knowledge	 of	 how	 genetic	 variation	 in	

ZBTB18	impacts	on	its	ability	to	regulate	specific	gene	expression	during	neuronal	development.	

Overall,	the	research	undertaken	within	this	thesis	broadens	the	understanding	of	the	molecular	

mechanisms	 underlying	 the	 role	 ZBTB18	 plays	 during	 neuronal	 development,	 the	 impact	 on	

neuronal	 development	 from	 CNVs	 encompassing	 ZBTB18,	 the	 outcomes	 on	 neuronal	

development	from	the	loss	of	ZBTB18,	and	the	impact	of	ZBTB18	missense	variants	in	relation	to	

the	 known	 structural	 and	 biological	 functions	 of	 this	 transcription	 factor.	 Collectively,	 the	

research	underpinning	this	thesis	begins	to	explain	the	different	phenotypic	outcomes	observed	

for	a	multitude	of	individuals	in	the	general	population	with	ZBTB18	genetic	variants.		 	
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1q		 	 	 The	larger	arm	of	chromosome	1		

1qter	 	 	 Chromosome	anomalies	at	the	distal	end	of	chromosome	1q	

95%	C.I.		 	 95	%	confidence	interval	

A414T	 	 	 Alanine	for	a	threonine	substitution	at	the	414th	amino	acid	

A476T	 	 	 Alanine	for	a	threonine	substitution	at	the	476th	amino	acid	

A476V	 	 	 Alanine	for	a	valine	substitution	at	the	476th	amino	acid	

AKT3	 	 	 AKT	serine/threonine	kinase	3	

ANOVA		 	 Analysis	of	Variance	statistical	approach	

ApoER2		 	 Apolipoprotein	E	receptor	2	

ASCL1	 	 	 Achaete-scute	family	bHLH	transcription	factor	1		

BCL6	 	 	 BCL6	transcription	repressor,	also	known	as	ZBTB27	

BCL6B	 	 	 BCL6B	transcription	repressor,	also	known	as	ZBTB26	

β-cat		 	 	 β-catenin		

β-lac	 	 	 Clasto-lactacystin	β	-lactone	

bHLH		 	 	 Basic	helix-loop-helix	

BS10		 	 	 Synthetic	promoter	construct	with	ten	ZBTB18	binding	sites	

BTB			 	 	 Broad	complex	tram	track	bric-a-brac	domain	

C1ORF121	 	 Chromosome	1	open	reading	frame	121,	also	known	as	DESI2	

C2H2			 	 	 Cys2-His2	zinc	centre	

C2H2-171			 	 C2H2-type	zinc	finger	protein	171	(another	name	for	ZBTB18)	

C57BL/6	J	 	 C57	black	6	inbred	mouse	strain,	Jackson	Laboratory	subline		

CAG	 	 	 Synthetic	promoter	driving	high	expression	in	mammals	

Cat.		 	 	 Catalogue	number	

CCND1		 	 Cyclin	D1	

CDK	 	 	 Cyclin	dependant	kinase	family	members		

CDK5	 	 	 Cyclin	dependent	kinase	5	

CDKI	 	 	 Cyclin-dependent	kinase	inhibitor	

CDKI1B	 	 Cyclin-dependent	kinase	inhibitor	1B,	also	called	p27kip1	

CDKI1C	 	 Cyclin-dependent	kinase	inhibitor	1C,	also	called	p57Kip2	

cDNA	 	 	 Complementary	DNA	

CEP170		 	 Centrosomal	protein	170	

CHX	 	 	 Cycloheximide	

cKO		 	 	 Conditional	ZBTB18	knockout		
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CMV		 	 	 Cytomegalovirus	promoter	sequence	

CNVs		 	 	 Copy	number	variants	

COS-7		 	 	 CV-1	in	Origin	with	SV40	genes	monkey	fibroblast	

COX20			 	 Cytochrome	c	oxidase	assembly	factor	20,	also	known	as	FAM36A	

CP	 	 	 Cortical	plate	

CR2		 	 	 Complement	C3d	receptor	2	

CUX2		 	 	 Cut	like	homeobox	2	

dA	 	 	 Deoxyribonucleic	acid	adenine	

DAPI	 	 	 14’,	6-diamindino-2-phenylindole	dihydrochloride	

dC	 	 	 Deoxyribonucleic	acid	cytosine	

Del	 	 	 Deletion	

DESI2	 	 	 Desumoylating	Isopeptidase	2,	also	known	as	C1ORF121	

dG	 	 	 Deoxyribonucleic	acid	guanine	

DLL1	 	 	 Delta-like	protein	1	

DMEM	 	 	 Dulbecco’s	Modified	Eagle’s	Medium	

DNA	 	 	 Deoxyribonucleic	acid	

Dnmt3a	 	 DNA	(cytosine-5)-methyltransferase	3A	

dT	 	 	 Deoxyribonucleic	acid	thymine	

DTT	 	 	 Dithiothreitol	

Dup	 	 	 Duplication	

E-box		 	 	 Enhancer-box	regulatory	element	

E1	 	 	 First	E-box	binding	site	analysed	within	the	Rnd2	3’-enhancer	

E133*		 	 	 The	substitution	of	a	glutamic	acid	for	a	stop	codon		

E14.5	 	 	 Embryonic	day	14.5	during	mouse	development	

E16.5	 	 	 Embryonic	day	16.5	during	mouse	development	

E17.5	 	 	 Embryonic	day	17.5	during	mouse	development	

E1mut	 	 	 Mutated	version	of	E1	with	E-box	binding	site	altered	

E2	 	 	 Second	E-box	binding	site	analysed	within	the	Rnd2	3’-enhancer	

E2A	 	 	 Immunoglobulin	enhancer-binding	factor	E12/E47		

E2mut	 	 	 Mutated	version	of	E2	with	E-box	binding	site	altered	

EBF2	 	 	 Early	B-cell	factor	2		

EDTA	 	 	 Ethylene	di-amine	tetra-acetic	acid	buffer		

EMSAs	 	 	 Electrophoretic	Mobility	Shift	Assays	

EOMES		 	 Eomesodermin,	also	know	as	TBR2	

ESR1	 	 	 Oestrogen	receptor	alpha		

ExAC	 	 	 The	Exome	Aggregation	Consortium		

FAM36A	 	 Family	with	sequence	similarity	36	member	A;	also	known	as	COX20	
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FEZF2	 	 	 FEZ	family	zinc	finger	2	

FGF-10		 	 Fibroblast	growth	factor	10		

FNBP1	 	 	 Formin	binding	protein	1		

G-banding		 	 Giemsa	banding		

G425R	 	 	 Glycine	for	an	arginine	substitution	at	the	425th	amino	acid	

GFP	 	 	 Green	fluorescent	protein	

GFP+/GFP-	 	 GFP	positively	/	negatively	stained	cells	

GnomAD	 	 The	Genome	Aggregation	Database	

GRCh37	 	 Genome	Reference	Consortium	human	genome	build	37	

HEPES	 	 	 4-(2-Hydroxyethyl)	piperazine-1-ethanesulfonic	acid	buffer	

HES1	 	 	 Hes	Family	BHLH	Transcription	Factor	1	

Hg19	 	 	 19th	version	of	the	human	genome,	released	as	GRCh37	

HNRNPU	 	 Heterogeneous	nuclear	ribonucleoprotein	U	

ID	 	 	 Inhibitor	of	DNA	binding		

ID1		 	 	 Inhibitor	of	DNA	binding	1	

ID2	 	 	 Inhibitor	of	DNA	binding	2	

ID3	 	 	 Inhibitor	of	DNA	binding	3	

ID4	 	 	 Inhibitor	of	DNA	binding	4	

IZ	 	 	 Intermediate	zone		

K435R	 	 	 Lysine	for	an	arginine	substitution	at	the	435th	amino	acid	

Ki67	 	 	 Antigen	KI-67,	a	marker	of	proliferation	

KO	 	 	 Knockout		

L398V	 	 	 Leucine	for	a	valine	substitution	at	the	398th	amino	acid	

LoF	 	 	 Loss	of	function	variant	

LPA	 	 	 Lysophosphatidic	acid		

MAF		 	 	 Mutation	allele	frequency		

MAPK	 	 	 Mitogen-activated	protein	kinase	family	members		

Mb	 	 	 Mega-base	

MD	 	 	 Molecular	dynamics	simulations	

Mis	 	 	 Missense	variant	

MM-GB/SA	 	 Molecular	mechanics-generalised	Born/surface	area	calculations	

MRD22		 	 Mental	retardation	gene	22	(another	name	for	ZBTB18)	

MRI	 	 	 Magnetic	Resonance	Imaging	

mRNA	 	 	 Messenger	RNA	

MYNN	 	 	 Myoneurin;	also	zinc	finger	protein	with	a	BTB	domain	31	

MYOD1		 	 Myogenic	Differentiation	gene	1	

N461S	 	 	 Asparagine	for	a	Serine	substitution	and	the	461st	amino	acid	
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NeuroD1	 	 Neurogenic	Differentiation	1	

NeuroD2	 	 Neurogenic	Differentiation	2	

Neurog2	 	 Neurogenin	2,	also	abbreviated	as	NGN2	

NGS	 	 	 Normal	goat	serum	

NOTCH		 	 Neurogenic	locus	notch	homolog	

OFC		 	 	 Occipital	Frontal	Circumference	

p27Kip1	 	 	 Cyclin-dependent	kinase	inhibitor	1B,	also	called	CDKI1B	

p27kip1ck-	 	 p27kip1	lacking	its	cyclin	kinase	function	

p57Kip2	 	 	 Cyclin-dependent	kinase	inhibitor	1C	

PAX3	 	 	 Paired	box	transcription	factor	3	

PAX6	 	 	 Paired	box	transcription	factor	6	

PBS	 	 	 Phosphate-buffered	saline	

pCaggs			 	 Mammalian	expression	construct	with	a	CAG	enhancer	

pCIG-F	 	 	 pCIG-FLAG	vector	with	a	N-terminal	FLAG	tag,	expressing	GFP		

pCIG-F[NG]	 	 pCIG-FLAG	vector	with	a	N-terminal	FLAG	tag,	and	no	GFP		

pCIG-M		 	 pCIG-MYC	vector	with	a	N-terminal	MYC	tag,	expressing	GFP		

PCR	 	 	 Polymerase	chain	reaction	

PFA	 	 	 Paraformaldehyde	

pHH3	 	 	 Phospho	Histone	H3,	a	mitosis-specific	marker	

PLB	 	 	 Passive	lysis	buffer	

PLD5	 	 	 Phospholipase	D	family	member	5	

PLXND1	 	 Plexin-D1	

pNL1.1		 	 NanoLuc	Luciferase	Control	Reporter	Vector	with	a	CMV	promoter	

pRL-CMV	 	 Renilla	Luciferase	Control	Reporter	Vector	with	a	CMV	promoter	

R-Ras	GAP	 	 Ras-related	GTPase-activating	protein	

R2		 	 	 Pearson’s	coefficient	of	determination		

R403C	 	 	 Arginine	for	a	cysteine	substitution	at	the	403rd	amino	acid	

R409C	 	 	 Arginine	for	a	cysteine	substitution	at	the	409th	amino	acid	

R495G	 	 	 Arginine	for	a	glycine	substitution	at	the	495th	amino	acid	

RA	 	 	 Retinoic	acid	

RhoA	 	 	 Ras	homolog	gene	family	member	A	

RhoA(N19)	 	 A	dominant-negative	form	of	RhoA,	suppressing	RhoA	signalling	

RLN		 	 	 Reelin	

RMSD	 	 	 Root-mean-squared	deviation	

RNA	 	 	 Ribonucleic	acid	

RND2	 	 	 Rho	Family	GTPase	2	

RP58	 	 	 Repressor	protein	of	58	kDa	in	size;	another	name	for	ZBTB18	



DOCTOR	OF	PHILOSOPHY	–	Isabel	A.	Hemming	

	
	

xxv	-																		-	

RPM	 	 	 Revolutions	per	minute	

RYR2	 	 	 Ryanodine	receptor	2	

S422L	 	 	 Serine	for	a	leucine	substitution	at	the	422nd	amino	acid	

SDCCAG8	 	 Serologically	defined	colon	cancer	antigen	8	

SDS		 	 	 Sodium	dodecyl	sulfate	

SEM	 	 	 Standard	error	of	the	mean	

SEMA3E	 	 Semaphorin	3E	

shRNA	 	 	 Short-hairpin	RNA	

siRNAs		 	 Small	interfering	RNAs		

SNVs	 	 	 Single	nucleotide	variants	

SVZ	 	 	 Subventricular	zone	

Syn	 	 	 Synonymous	variant	

T400M		 	 Threonine	for	a	methionine	substitution	at	the	400th	amino	acid	

T450I	 	 	 Threonine	for	an	isoleucine	substitution	at	the	450th	amino	acid	

T450N	 	 	 Threonine	for	an	asparagine	substitution	at	the	450th	amino	acid	

TADs		 	 	 Topologically	Associating	Domains	

TAE	 	 	 Tris-acetic	acid-EDTA	buffer	

TAZ-1	 	 	 Telomere	length	regulator	1	(another	name	for	ZBTB18)	

TBE	 	 	 Tris-Borate-EDTA	buffer	

TBR2	 	 	 T-box	brain	protein	2,	also	know	as	EOMES	

TF	 	 	 Transcription	factor	

Tri	 	 	 Triton	X-100	

USF-1		 	 	 Upstream	stimulatory	factor	1		

VZ	 	 	 Ventricular	zone	

WNT	 	 	 Wnt	signalling	pathway	

WT	 	 	 Wild-type		

ZBTB	 	 	 Zinc	finger	proteins	with	BTB	domains	

ZBTB18	 	 Zinc	finger	protein	with	a	BTB	domain	18		

ZBTB18fl/fl	 	 Mouse	line	with	Flox	sites	either	side	of	ZBTB18	

ZBTB3			 	 Zinc	finger	protein	with	a	BTB	domain	3	

ZBTB42	 	 Zinc	finger	protein	with	a	BTB	domain	42	

ZF	 	 	 Zinc	finger	domain	

ZNF238	 	 Zinc	finger	protein	238	(another	name	for	ZBTB18)	 	
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1  GENERAL INTRODUCTION  
========____________________________________________________________________________________________	

	

1.1 PRELIMINARY	BACKGROUND	AND	RESEARCH	CONTEXT		

The	human	cerebral	cortex	plays	a	crucial	role	 in	the	control	of	cognitive	function,	

and	 is	 fundamental	 and	 highly	 adapted	 for	 the	 processing	 of	 complex	 information	

(reviewed	in	D'Esposito	&	Postle,	2015).	The	development	of	the	cerebral	cortex	involves	

the	appropriate	generation	and	positioning	of	postmitotic	neurons	(reviewed	in	Lim	et	al.,	

2018).	Once	newborn	neurons	have	migrated	from	their	proliferative	zones	to	reach	their	

appropriate	 position	 within	 the	 developing	 neocortex,	 they	 undergo	 terminal	

differentiation	 and	 form	 appropriate	 synaptic	 connections.	 The	 formation	 of	 synaptic	

connections	 creates	 vital	 neuronal	 circuitry	 that	 facilitates	 complex	 information	

processing	 (reviewed	 in	 Pulvermüller	 et	 al.,	 2014).	 One	 essential	 component	 of	 this	

neuronal	circuitry	is	the	excitatory	projection	neurons.	Excitatory	projection	neurons	are	

generated	 from	 progenitors	 in	 the	 ventricular	 zone	 of	 the	 neocortex	 during	 embryonic	

development,	and	migrate	radially	 towards	the	superficial	 layers	of	 the	nascent	cerebral	

cortex.	The	regulation	of	excitatory	projection	neuron	development,	including	their	radial	

positioning,	involves	highly	controlled	gene	expression,	which	is	mediated	by	the	activities	

of	DNA-binding	transcription	factors	(reviewed	in	Lim	et	al.,	2018).		

	

One	 transcription	 factor	 involved	 in	 the	regulation	of	excitatory	projection	neuron	

development	is	the	DNA-binding	zinc	finger	transcriptional	repressor	known	as	ZBTB18.	

ZBTB18	is	a	member	of	the	ZBTB	family	of	proteins.	All	ZBTB	proteins	have	two	predicted	

functional	 domains;	 one	 Broad	 complex	 tram	 track	 bric-a-brac	 (BTB)	 domain	 at	 the	 N-

terminus,	 important	 for	 the	 recruitment	 of	 other	 co-repressor	 proteins	 (Meng	 et	 al.,	

2000);	 and	 one	 zinc	 finger	 binding	 domain	 at	 the	 C-terminus,	 consisting	 of	 zinc	 finger	

motifs	 predicted	 to	 be	 involved	 in	 the	 binding	 of	 sequence-specific	 segments	 of	 DNA	

within	the	genome	(Siggs	and	Beutler,	2012).	Through	these	functional	domains,	ZBTB18	

governs	the	fine-tuning	of	gene	expression	during	early	mammalian	development	(Heng	et	

al.,	2013;	Ohtaka-Maruyama	et	al.,	2013;	Baubet	et	al.,	2012;	Hirai	et	al.,	2012;	Xiang	et	al.,	

2012;	 Okado	 et	al.,	 2009;	 Yokoyama	 et	al.,	 2009;	 Aoki	 et	al.,	 1998;	 Becker	 et	al.,	 1997).	

Previous	experiments	with	genetically	modified	mice	lacking	Zbtb18	has	led	to	the	finding	

that	ZBTB18	is	a	crucial	regulator	of	proper	mammalian	brain	development	(Heng	et	al.,	

2013;	 Ohtaka-Maruyama	 et	al.,	 2013;	Hirai	 et	al.,	 2012;	 Baubet	 et	al.,	 2012;	 Xiang	 et	al.,	

	1	
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2012;	Okado	et	al.,	2009),	while	copy	number	variants	(CNVs)	in	humans	resulting	in	the	

loss	of	ZBTB18	are	associated	with	abnormal	brain	development	and	congenital	disorders	

(Ballif	 et	 al.,	 2012;	 Boland	 et	 al.,	 2007;	 van	 Bon	 et	 al.,	 2008).	 Furthermore,	 several	

missense	 variants	 associated	 with	 abnormal	 brain	 development	 in	 humans	 have	 been	

identified	 in	ZBTB18.	The	majority	 (77.8%,	14/18)	of	 these	missense	variants	 lie	within	

the	zinc	finger	domain	(van	der	Schoot	et	al.,	2018;	Landrum	et	al.,	2018;	Depienne	et	al.,	

2017),	which	makes	up	only	22.79%	of	the	total	protein	(121/531	amino	acid	residues).	

The	location	of	these	variants	identifies	a	disease-associated	variant	hotspot	and	suggests	

this	 region	 may	 be	 essential	 for	 brain	 development	 (Figure	 1.1.1).	 Conversely,	 only	 a	

minority	 (18.4%,	 30/163)	 of	 the	 ZBTB18	 missense	 variants	 identified	 in	 the	 Genome	

Aggregation	 Database	 (containing	 individuals	 with	 no	 paediatric	 disorders)	 (gnomAD;	

Karczewski	 et	al.,	 2019),	 lie	within	 the	 zinc	 finger	 domain	 (Figure	 1.1.1).	 The	 gnomAD-

identified	 variants	 only	 affect	 24.79%	 of	 the	 zinc	 finger	 domain’s	 amino	 acid	 residues,	

compared	 to	 the	 30.70%	 residues	 affected	 within	 the	 total	 protein.	 Thus,	 these	

observations	support	the	notion	that	this	region	is	important	for	brain	development.	The	

recent	 development	 of	 genetic	 databases,	 such	 as	 gnomAD,	 facilitates	 the	 exploration	

variation	 identified	within	 the	general	population.	The	 investigation	of	 genetic	variation	

within	 these	 databases	 could	 establish	 an	 explanation	 for	 the	 observed	 phenotypic	

variability	 in	 brain	 function	 across	 individuals	with	 ZBTB18	 genetic	 variants.	 Here,	 this	

possibility	 is	explored,	with	a	focus	on	genetic	variants	affecting	the	regions	observed	to	

have	more	pronounced	phenotypic	consequences,	the	DNA-binding,	C-terminal	Cys2-His2	

(C2H2)	zinc	finger	region	of	ZBTB18.	

	
	

	
	

	

	

	

Figure	1.1.1	–	Illustrative	Summary	of	Missense	Variant	within	ZBTB18	

The	ZBTB18	protein	 is	 represented	 linearly	 from	 the	N-terminus	 (N)	 to	 the	C-terminus,	 (C)	The	orange	 segment	
represents	the	BTB	domain,	while	the	blue	to	purple	segments	represent	the	four	zinc	finger	motifs	of	the	zinc	finger	domain	
(with	each	motif	 in	a	different	shade	moving	from	blue	to	purple).	A	representative	line	for	the	proportions	of	individuals	
with	missense	variants	for	each	amino	acid	is	above	the	linear	representation	of	ZBTB18.	(A)	GnomAD-identified	missense	
variants	 are	 on	 top	 and	 (B)	 disease-associated	missense	 variants	 are	 on	 the	 bottom.	 Each	 black	 line	within	 the	 protein	
represents	an	amino	acid	with	an	associated	ZBTB18	missense	variant;	with	the	gnomAD	variants	identified	via	the	online	
database	(Karczewski	et	al.,	2019)	and	the	disease-associated	variants	identified	through	ClinVar	(Landrum	et	al.,	2018)	and	
clinical	report	papers	(Van	der	Schoot	et	al.,	2018;	Dephenie	et	al.,	2017;	Farwell	et	al.,	2015;	Rauch	et	al.,	2012).	

BTB	Domain	 Zinc	Finger	Domain	

N	

N	

A)	GnomAD-Identified		
						Missense	Variants	

B)	Disease-Associated		
						Missense	Variants	

C	

Proportion	of	Affected	Individuals	
(arbitrary	value)	

C	
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1.2 AIMS	AND	METHODS	

The	overarching	aim	of	this	thesis	is	to	improve	the	understanding	of	how	different	

genetic	variation	affecting	ZBTB18	impact	on	mammalian	neuronal	development	and	lead	

to	 human	 brain	 disorder.	 This	 thesis	 initially	 aimed	 to	 refine	 the	 genotype-phenotype	

relationship	 between	1q43-44	 CNVs	 and	 abnormal	 brain	 development	 by	 undertaking	 a	

meta-analysis	 of	 all	 reported	 1q43-44	 CNVs	 within	 the	 literature,	 including	 those	

encompassing	 ZBTB18	 (Chapter	 3).	 Additionally,	 the	 research	 aimed	 to	 determine	 the	

precise	 molecular	 mechanism	 behind	 the	 regulatory	 role	 for	 ZBTB18	 during	 the	 early	

proliferation	 and	migration	of	 excitatory	projection	neurons,	 and	 the	 impact	 of	 ZBTB18	

loss.	By	investigating	the	interplay	between	ZBTB18	and	p27kip1	(cyclin-dependent	kinase	

inhibitor	1B,	also	called	CDKI1B),	it	was	possible	to	determine	their	role	in	regulating	cell	

cycle	exit	during	mammalian	cerebral	cortex	development	(Chapter	4).	Finally,	 the	work	

aimed	to	establish	a	potential	explanation	for	the	different	phenotypic	outcomes	observed	

for	 individuals	 in	 the	 general	 population	 with	 ZBTB18	 missense	 variants.	 Firstly,	 two	

previously	 reported	 disease-associated	 missense	 variants	 within	 ZBTB18	 were	

investigated	 to	 determine	 the	 possible	 pathological	 mechanism	 behind	 the	 associated	

intellectual	disability.	With	this	identified	through	the	use	of	in	silico	modelling	of	ZBTB18	

bound	 to	 DNA,	 multiple	 in	 vitro	 cellular	 assays,	 and	 an	 in	 vivo	experimental	 approach	

known	as	in	utero	electroporation	(Chapter	5).	Secondly,	a	selection	of	missense	variants	

within	ZBTB18	from	a	large	population	cohort	study	without	severe	intellectual	disability,	

was	 investigated	 via	 in	 silico	 modelling	 of	 ZBTB18	 bound	 to	 DNA	 and	multiple	 in	vitro	

cellular	 assays,	 to	 determine	 whether	 there	 were	 any	 possible	 impacts	 on	 ZBTB18	

function	(Chapter	6).	An	experimental	approach	was	developed	 to	meet	 these	aims,	and	

the	relevant	aspects	are	discussed	in	detail	within	each	chapter.	

	

1.3 THESIS	FORMAT	AND	COMPOSITION		

Chapters	3,	4,	5,	and	6	of	this	thesis	are	presented	as	a	series	of	papers.	The	work	

undertaken	within	this	thesis	is	outlined	below.		

	

Chapter	2	comprises	a	 review	of	 the	 literature	 for	ZBTB18.	The	review	covers	 the	

known	roles	of	ZBTB18	during	mammalian	development,	the	known	association	between	

ZBTB18	and	brain	disorder,	and	the	sequence	conservation	of	ZBTB18	across	vertebrates.	

The	review	also	summarises	the	known	ZBTB18	missense	variants	associated	with	brain	

disorders,	reported	in	clinical	papers,	and	the	ZBTB18	missense	variants	identified	in	the	

gnomAD	 database	 of	 genetic	 variation	 across	 individuals	 from	 different	 ethnic	



DOCTOR	OF	PHILOSOPHY	–	Isabel	A.	Hemming	

	
	

4	-																		-	

backgrounds	 without	 severe	 paediatric	 disorders.	 The	 review	 highlights	 the	 need	 for	

further	investigation	of	the	impact	of	missense	variants	on	the	known	biological	functions	

of	ZBTB18.	The	literature	review	within	Chapter	2	has	been	prepared	for	publication	and	

presented	within	this	thesis	with	minor	modifications.	

	

Chapter	3	investigates	the	relationship	between	CNVs	in	the	distal	region	of	the	long	

arm	 of	 chromosome	 1	 containing	 ZBTB18	 (1q43-44)	 and	 brain	 disorder,	 including	

intellectual	 disability	 and	 abnormal	 brain	development.	 The	 chapter	 summarises	 all	 the	

identified	CNV	cases	reported	within	the	literature,	and	refines	the	region	linked	with	the	

associated	 brain	 disorder.	 In	 addition,	 the	 work	 identifies	 a	 previously	 unreported	

correlation	 between	 1q43-q44	 deletions	 and	 a	 reduction	 in	 age-related	 head	

circumference;	observed	as	a	decrease	in	the	standard	deviation	of	head	circumferences	in	

affected	individuals	as	they	age.	The	meta-analysis	refined	a	critical	region	associated	with	

brain	 disorder	 and	 highlights	 the	 need	 for	 further	 investigation	 of	 genetic	 variation	 to	

genes	 within	 this	 identified	 region,	 including	 ZBTB18.	 The	 research	 undertaken	 within	

Chapter	3	has	been	published	and	is	presented	within	this	thesis	with	minor	modifications	

(Hemming	et	al.,	2016),	with	a	change	to	the	gene	name	used,	from	ZNF238	to	ZBTB18	to	

reflect	a	change	in	official	nomenclature.	

	

Chapter	4	details	the	work	that	employed	an	in	vivo	experimental	approach	known	

as	 in	utero	 electroporation	 in	mice	 to	 identify	 the	cooperative	 functions	 for	ZBTB18	and	

the	cyclin-dependent	kinase	 inhibitor,	p27kip1.	The	work	 in	 this	chapter	clarifies	 the	role	

ZBTB18	 plays	 during	 early	 neuroprogenitor	 proliferation	 and	 subsequent	 radial	

migration.	 The	 research	 within	 this	 chapter	 was	 fundamental	 to	 the	 development	 of	 a	

model	 where	 ZBTB18	 regulates	 ID3	 (inhibitor	 of	 DNA	 binding	 3)	 expression,	 which	 in	

turn,	 regulates	 p27kip1	 expression	 and	 leads	 to	 appropriate	 cell	 cycle	 arrest	 during	 the	

development	 of	 the	 embryonic	 mouse	 cerebral	 cortex.	 Furthermore,	 the	 interactions	

between	Neurogenin	2	(NEUROG2)	and	both	ZBTB18	and	p27kip1	regulate	suitable	RND2	

(Rho	Family	GTPase	2)	expression	and	proper	radial	migration	of	postmitotic	neurons	in	

the	 mouse	 cerebral	 cortex.	 The	 work	 within	 this	 chapter	 highlights	 the	 importance	 of	

appropriate	regulation	of	ZBTB18	and	its	downstream	target	genes	for	mammalian	brain	

development.	In	addition,	this	chapter	informed	a	greater	understanding	of	the	molecular	

mechanism	 by	 which	 ZBTB18	 regulates	 mammalian	 brain	 development,	 and	 was	

fundamental	for	the	progression	of	this	thesis.	The	work	undertaken	within	Chapter	4	has	

been	 published	 and	 is	 presented	 within	 this	 thesis	 	 (Clément	 et	al.,	 2017)	 with	 minor	
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modifications	 and	 a	 post-publication	 correction	 (Clément	et	al.,	 2018),	with	 a	 change	 to	

the	gene	name	used,	from	Rp58	to	Zbtb18,	to	reflect	a	change	in	official	nomenclature.	

	

Chapter	 5	 defines	 the	mechanism	 through	which	 two	 previously	 reported	 human	

disease-associated	missense	variants	within	ZBTB18	cause	brain	developmental	disorder.	

The	 approach	 undertaken	 involved	 (i)	 in	 silico	 modelling	 of	 ZBTB18	 bound	 to	 DNA,	 to	

analyse	the	impact	on	DNA	binding;	(ii)	multiple	in	vitro	cellular	assays,	to	determine	the	

impact	on	the	protein	stability	and	transcriptional	regulatory	function	of	ZBTB18;	and	(iii)	

the	mouse	in	vivo	experimental	approach	in	utero	electroporation,	to	determine	how	these	

variants	may	 impact	neuronal	migration.	The	characterisation	of	 the	 two	variants	 led	 to	

the	hypothesis	that	altered	transcriptional	regulation	capacity	of	ZBTB18	is	an	important	

pathological	 mechanism	 explaining	 the	 effect	 of	 ZBTB18	 missense	 variants	 in	 brain	

developmental	 disease.	 The	 findings	 of	 this	 work	 prompted	 the	 analysis	 of	 gnomAD-

identified	ZBTB18	missense	 variants,	 as	 conducted	 in	 Chapter	 6,	 and	 informed	 the	 final	

conclusions	drawn	from	this	thesis.	The	methods	developed	to	characterise	the	missense	

variants	within	this	chapter	were	refined	and	applied	to	a	selection	of	gnomAD-identified	

variants	 in	 Chapter	 6.	 The	 characterisation	 undertaken	 within	 Chapter	 5	 has	 been	

published	and	 is	presented	within	 this	 thesis	with	minor	modifications	 (Hemming	et	al.,	

2019).	

	

Chapter	 6	 investigates	 the	molecular	 and	biochemical	 impact	 of	ZBTB18	missense	

variants	 identified	 from	 the	 general	 population	 in	 gnomAD.	 The	 in	 silico	 consensus	

prioritisation	 approach,	 developed	 for	 this	 study,	 facilitates	 the	 ranking	 of	 missense	

variants	within	the	zinc	finger	region	of	ZBTB18	 that	are	predicted	to	have	an	impact	on	

the	function	of	ZBTB18.	Missense	variants	predicted	to	not	to	have	an	impact	on	ZBTB18	

function	were	selected	as	regional	controls.	The	procedure	 involved	refining	the	 in	silico	

and	 in	vitro	 approaches	 undertaken	 in	 Chapter	 5,	 to	 determine	how	 these	 variants	may	

impact	 on	 the	 role	 of	 ZBTB18.	 Through	 the	 application	 of	 3D	 structural	 modelling	

combined	 with	 biochemical	 studies	 for	 transcriptional	 regulation	 by	 ZBTB18,	 several	

variants	 were	 found	 to	 exhibit	 functional	 effects	 when	 compared	 with	 the	 wildtype	

variant.	 The	 findings	 in	 this	 chapter	 support	 the	 notion	 that	 transcriptional	 changes	 to	

ZBTB18	 have	 the	 potential	 to	 lead	 to	 human	 brain	 disorder,	 as	 discussed	 in	 the	 final	

conclusions	drawn	from	this	thesis	(discussed	in	Chapter	7).	The	analysis	within	Chapter	6	

has	been	prepared	for	publication	and	is	presented	as	a	manuscript	within	this	thesis.	
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Chapter	 7	 consists	 of	 a	 summary	 of	 the	 conclusions	made	within	 each	 chapter,	 a	

discussion	 of	 the	 context	 of	 findings	 from	 this	 thesis	 comparative	 to	 the	 relevant	

literature,	and	suggests	future	work	to	be	undertaken	from	the	observations	made	during	

the	 thesis.	 The	 chapter	 ends	 with	 the	 final	 findings	 and	 conclusions	 for	 the	 thesis	

presented.	A	complete	list	of	all	references	cited	within	the	thesis	is	provided	at	the	end.	

	

1.4 OUTCOMES	AND	SUMMARY	

This	 thesis	has	 led	 to	 four	substantial	outcomes.	Firstly,	 the	refinement	of	a	1q43-

q44	 critical	 region	 for	 human	 brain	 disorder	 that	 encompasses	 the	 ZBTB18	 gene	 locus.	

Secondly,	an	improved	understanding	of	how	ZBTB18-mediated	transcriptional	regulation	

influences	 cell	 cycle	 exit	 and	 radial	migration.	 Thirdly,	 the	 discovery	 that	 altered	 DNA-

binding	 and	 transcriptional	 regulation	 is	 a	 pathological	 mechanism	 for	 human	 brain	

disorders	 which	 arise	 from	 ZBTB18	 missense	 variants.	 Finally,	 work	 within	 this	 thesis	

raises	the	possibility	that	ZBTB18	variants	may	be	relevant	to	human	neurodevelopment	

disorder	 through	 a	 mechanism	 that	 involves	 altered	 transcriptional	 regulation	 due	 to	

disruptions	 to	 sequence-specific	 DNA	 binding.	 Therefore,	 this	 thesis	 contributes	 to	 an	

improved	understanding	of	the	impact	of	ZBTB18	genetic	variation	on	brain	development,	

and	the	mechanism	for	how	ZBTB18	missense	variants	can	impact	on	this	role	leading	to	

brain	disorder.	 In	addition,	 the	 in	silico	 consensus	prioritisation	approach	undertaken	to	

investigate	ZBTB18	missense	variants	could	now	be	broadly	applied	to	prioritise	missense	

variants	 within	 other	 transcription	 factors	 containing	 C2H2	 zinc	 finger	 domains	

(discussed	 in	 further	 detail	 in	 Chapter	 7).	 Overall,	 this	 thesis	 provides	 a	 greater	

understanding	of	how	different	 types	of	 genetic	variation	 impact	on	 the	 role	of	ZBTB18	

during	mammalian	neuronal	development,	and	how	this	variation	potentially	could	lead	to	

human	brain	disorder.	
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2  LITERATURE REVIEW  
========____________________________________________________________________________________________	

	

2.1 INTRODUCTION	

Excitatory	 projection	 neurons	 are	 generated	 from	 progenitors	 in	 the	 ventricular	

zone	of	the	neocortex	and	migrate	radially	towards	more	superficial	layers	of	the	cerebral	

cortex,	creating	the	necessary	neuronal	circuitry	required	for	appropriate	brain	function	

(reviewed	 in	D'Esposito	&	Postle,	2015).	The	development	and	positioning	of	excitatory	

projection	 neurons	 require	 highly	 regulated	 gene	 expression,	 mediated	 by	 a	 variety	 of	

transcription	factors	(TFs)	(reviewed	in	Lim	et	al.,	2018).	TFs	are	DNA-binding	regulatory	

proteins	 essential	 for	 controlling	 the	 spatial	 and	 temporal	 expression	 patterns	 of	

downstream	target	genes	and	their	encoded	proteins.	Proneural	transcriptional	regulators	

drive	 the	 production	 of	 new	 neurons	 from	 local	 pools	 of	 neural	 stem	 cells	 during	

mammalian	cerebral	cortex	development	(Ohtaka-Maruyama	and	Okado,	2015;	Pacary	et	

al.,	2011;	Cai	et	al.,	2000).	Cys2-His2	(C2H2)	zinc	finger	proteins	make	up	the	largest	class	

of	putative	human	TF	(Najafabadi	et	al.,	2015).	Zinc	finger	proteins	bind	multiple	genomic	

regulatory	 regions	 to	 target	 a	 diverse	 range	 of	 regulatory	 pathways,	 including	 those	

involved	 in	 early	 neuronal	 development	 (Najafabadi	 et	 al.,	 2015).	 One	 such	 C2H2-

containing	proneural	TF	involved	in	early	neuronal	development	is	ZBTB18	(also	known	

as	RP58,	ZNF238,	MRD22,	C2H2-171,	and	TAZ-1).	ZBTB18	 is	a	 transcriptional	repressor	

that	 regulates	 gene	 expression	 through	 site-specific	 DNA-binding	 to	 particular	 motifs.	

ZBTB18-mediated	regulation	controls	gene	expression	for	a	range	of	proteins	required	for	

the	positioning	of	postmitotic	neurons	within	the	developing	cerebral	cortex	(Heng	et	al.,	

2013;	 Ohtaka-Maruyama	 et	al.,	 2013;	 Baubet	 et	al.,	 2012;	Hirai	 et	al.,	 2012;	 Xiang	 et	al.,	

2012).	 The	 understanding	 about	 the	 role	 of	 ZBTB18	 during	 normal	 mammalian	 brain	

growth	has	been	determined	using	traditional	experimental	approaches,	such	as	knockout	

mouse	models,	conditional	knockout	mouse	models,	in	utero	development	modelling,	and	

in	vitro	cellular	assays.	In	particular,	ZBTB18	has	been	shown	to	regulate	cell	cycle	exit	by	

governing	the	expression	of	the	genes	that	encode	all	four	inhibitors	of	DNA	binding	(Id1,	

2,	3,	and	4)	genes	(Hirai	et	al.,	2012).	Furthermore,	ZBTB18	controls	aspects	of	neuronal	

migration	 via	 modulation	 of	 Neurogenin	 2	 (Neurog2)	 and	 Rho	 family	 GTPase	 2	 (Rnd2)	

expression	(Heng	et	al.,	2013).	

	

	 2	
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In	humans	disruptions	to	ZBTB18	are	linked	with	abnormal	brain	development	and	

disease,	manifesting	as	microcephaly,	macrocephaly,	and	intellectual	disability	if	occurring	

early	during	development	(Cohen	et	al.,	2017;	Farwell	et	al.,	2015;	de	Munnik	et	al.,	2014;	

Edwards	et	al.,	2014;	Epi	et	al.,	2013;	Ballif	et	al.,	2012;	Nagamani	et	al.,	2012;	Rauch	et	al.,	

2012;	van	Bon	et	al.,	2008;	Boland	et	al.,	2007);	and	as	glioblastoma,	 schizophrenia,	and	

Huntington’s	disease	if	emerging	later	in	life	(Mastrokolias	et	al.,	2015;	Neueder	and	Bates,	

2014;	 Jia	et	al.,	2012a;	 Jia	et	al.,	2012b;	Guo	et	al.,	2010;	Weickert	et	al.,	2008;	Zuccato	et	

al.,	2007;	Zhai	et	al.,	2005).	Multiple	clinical	reports	for	paediatric	cases	of	abnormal	brain	

development	have	identified	certain	missense	variants	within	ZBTB18	that	are	associated	

with	 these	 conditions	 (summarised	 in	 van	 der	 Schoot	 et	 al.,	 2018;	 summarised	 in	

Depienne	et	al.,	2017).	However,	how	other	variations	to	ZBTB18	impact	its	structure	and	

biological	function	has	yet	to	be	analysed	in	detail.	The	majority	of	the	disease-associated	

missense	variants	 fall	within	 the	C2H2	zinc	 finger	 region	of	ZBTB18,	 creating	a	disease-

associated	 variant	 hotspot.	 This	 observation	 suggests	 that	 disruption	 of	 the	 amino	 acid	

sequence	for	this	region	can	impact	brain	development.	Moreover,	the	C2H2	region	has	a	

high	 level	 of	 evolutionary	 conservation	 across	 vertebrates,	 again	 highlighting	 the	 likely	

importance	of	this	region	for	appropriate	brain	development	(Najafabadi	et	al.,	2015).	In	

contrast,	a	2014	study	by	the	Exome	Aggregation	Consortium	(ExAC)	(Exome	Aggregation	

Consortium,	2015)	identified	103	single	missense	variants	in	ZBTB18	among	the	cohort	of	

60,706	 individuals,	 but	 did	 not	 report	 any	 paediatric	 brain	 developmental	 phenotypes.	

Similarly,	a	subsequent	study	involving	over	140	000	individuals	with	no	severe	paediatric	

disorders,	 known	 as	 the	 Genome	 Aggregation	 Database	 (gnomAD)	 (Karczewski	 et	 al.,	

2019),	 identified	 150	 unique	 single	 missense	 variants	 in	 ZBTB18,	 with	 some	 located	

within	 the	 C2H2	 zinc	 finger	 region.	 The	 importance	 of	 individual	 amino	 acids	 within	

ZBTB18	is	yet	to	be	determined.	

	

The	 study	 of	 previously	 reported	 disease-associated	 variants	 involving	 ZBTB18	

would	 allow	 researchers	 to	 predict	which	 aspects	 of	 development	 are	most	 likely	 to	 be	

affected.	 On	 the	 other	 hand,	 in-depth	 investigation	 of	 tolerated	 missense	 variants	 in	

individuals	without	 severe	 paediatric	 disorders	would	 improve	 understanding	 of	which	

missense	 variants	 may	 impact	 on	 ZBTB18	 function	 during	 neuronal	 development	 and	

homeostasis.	It	is	reasonable	to	anticipate	that	the	work	suggested	within	this	review	will	

form	 a	 platform	 for	 growth	 and	 development	 of	 research	 in	 the	 field	 of	 human	 genetic	

diversity.	 In	 the	 future,	 the	suggested	approach	could	be	expanded	upon	and	eventually	

facilitate	 the	 timely	 diagnosis	 of	 prenatal	 genetic	 abnormalities	 and,	 where	 possible,	

enabling	early	intervention	and	treatment.	
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2.2 MAMMALIAN	BRAIN	DEVELOPMENT		

The	cerebral	cortex	facilitates	the	processing	of	complex	information	necessary	for	

appropriate	 high-level	 cognitive	 functions	 (reviewed	 in	 D'Esposito	 &	 Postle,	 2015).	

Cerebral	 cortical	 development	 involves	 various	 TFs	 that	 regulate	 gene	 expression	

networks,	 which	 control	 the	 appropriate	 generation,	 positioning,	 and	 differentiation	 of	

postmitotic	 neurons	 (Figure	 2.2.1;	 reviewed	 in	 Pang	 et	al.,	 2011).	 These	 neurons	 form	

synaptic	 connections,	which	 create	 the	 essential	neuronal	 circuits	 that	 enable	high-level	

cognitive	functioning	(reviewed	in	Pulvermüller	et	al.,	2014).	

	

Figure	2.2.1	–	Summary	Overview	of	Molecular	Regulation	in	the	Developing	Cerebral	Cortex	

The	process	of	 cerebral	 cortex	development	 includes	 the	generation	of	 glial	 cells	 from	neuroepithelial	 cells	 (in	
red);	proliferation	of	cycling	radial	glial	cells	(in	orange);	generation	of	postmitotic	neurons	in	both	their	multipolar	(light	
green)	and	bipolar	(mid	green)	morphologies;	the	migration	of	postmitotic	neurons	from	the	ventricular	zone	(VZ),	into	the	
subventricular	zone	(SVZ),	moving	into	the	intermediate	zone	(IZ),	and	finally	into	the	cortical	plate	(CP)	located	underneath	
the	marginal	zone	(MZ).	The	postmitotic	neurons	eventual	differentiate	into	mature	neurons	(dark	green)	within	the	CP.	The	
solid	 arrows	 indicate	 the	 direct	 involvement	 of	molecular	 regulators	 while	 dashed	 lines	 indicate	 an	 indirect	 association	
between	 the	molecular	 regulators	 and	 aspects	 of	 cortical	 development.	 The	major	molecular	 regulators	 involved	 in	 each	
stage	 are	 listed	 and	 include	 β-catenin	 (β-cat),	 lysophosphatidic	 acid	 (LPA),	 fibroblast	 growth	 factor	 10	 (FGF-10),	 notch	
signalling	pathway	 (NOTCH),	 range	of	mitogen-activated	protein	kinase	 family	members	 (MAPK),	wnt	 signalling	pathway	
(WNT),	range	of	cyclin	dependant	kinase	family	members	(CDK),	cyclin	D1	(CCND1),	retinoic	acid	(RA),	rho	family	GTPase	2	
(RND2),	ras	homolog	family	member	A	(RHOA),	neurogenin	2	(NEUROG2),	Delta-like	protein	1	(DLL1),	achaete-scute	family	
bHLH	transcription	factor	1	(ASCL1),	paired	box	6	(PAX6),	cut	 like	homeobox	2	(CUX2),	FEZ	family	zinc	 finger	2	(FEZF2),	
plexin	D1	(PLXND1),	formin-binding	protein	1	(FNBP1)	and	cyclin	dependent	kinase	5	(CDK5).	The	timeline	at	the	bottom	of	
the	 diagram	 represents	 the	 corresponding	 embryonic	 developmental	 time	 points	 (E)	 for	 mouse	 neurogenesis.	 Image	
generated	with	resources	provided	by	biorender.io.	

	

2.2.1 EARLY	NEUROGENESIS	OF	EXCITATORY	NEURONS	

During	 early	 embryonic	 development,	 stem	 cells	 within	 the	 ventricular	 zone	 of	 the	

developing	 telencephalon	 undergo	 an	 intricate	 succession	 of	 signalling	 processes	 to	

generate	 excitatory	 projection	 neuron	 progenitors.	 The	 generated	 excitatory	 projection	

neuron	progenitors	will	 form	part	of	 the	cerebral	cortex	(reviewed	 in	Pang	et	al.,	2011).	
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During	 the	 development	 of	 the	 cerebral	 cortex,	 these	 progenitors	 undergo	 highly	

regulated	 cell	 division,	 which	 results	 in	 the	 production	 of	 both	 immature	 neurons	 and	

radial	 glial	 cells	 (Quinn	 et	al.,	 2007).	 Apical	 progenitors,	 located	 within	 the	 ventricular	

zone	 (VZ),	 can	 undergo	 either	 symmetric	 division	 to	 produce	 two	 identical	 radial	 glial	

daughter	 cells,	 or	 asymmetric	 division	 to	produce	one	mitotic	 basal	 progenitor	 and	one	

postmitotic	 radial	glial	 cell.	Basal	progenitors	 then	move	away	 from	the	VZ	and	 into	 the	

subventricular	zone	(SVZ),	where	they	are	then	able	to	symmetrically	divide	to	form	two	

postmitotic	 immature	neurons	(Azzarelli	et	al.,	2015).	Radial	glial	cells	are	the	precursor	

cells	to	neuronal	stem	cells	(Gaiano	et	al.,	2000)	and	also	play	a	vital	role	during	neuronal	

migration	 (Nadarajah	 and	 Parnavelas,	 2002).	 Neurons	 born	 during	 the	 same	 cell	 cycle	

appear	to	cease	migration	and	initiate	differentiation	within	the	same	cortical	layer.	Final	

cortical	 layering	 is	 expected	 to	be	predetermined	 early	within	 the	 cell	 cycle	 (Marin	 and	

Rubenstein,	 2003).	 Apical	 progenitors	 express	 PAX6,	 a	 TF	 that	 is	 involved	 in	 regulating	

apical	 proliferation,	 while	 basal	 progenitors	 downregulate	 PAX6	 and	 upregulate	 TBR2	

(Quinn	et	al.,	2007).	 In	radial	glial	cells,	 the	 localised	expression	of	NUMB	on	one	side	of	

the	cell	generates	asymmetric	mitosis	(Rhyu	et	al.,	1994),	with	one	daughter	cell	becoming	

a	postmitotic	neuron	and	 the	other	remaining	as	a	 radial	glial	 cell	 (reviewed	 in	Aranda-

Anzaldo,	 2012).	 Neural	 progenitor	 cells	 differentiate	 into	 radial	 glial	 cells	 under	 the	

activation	of	NOTCH1	within	the	VZ,	while	NOTCH1	postnatal	activation	of	neuronal	stem	

cells	within	the	cerebral	cortex	drives	neural	stem	cells	to	become	astrocytes	(Tanigaki	et	

al.,	2001).	Astrocytes	have	multiple	roles	within	the	adult	mammalian	brain.	Initially	they	

were	largely	thought	to	be	responsible	for	the	maintenance	of	the	brain	and	blood-brain	

barrier	(reviewed	in	Sofroniew	and	Vinters,	2010).	However,	more	recent	evidence	shows	

that	 they	 employ	 both	 secreted	 and	 contact-mediated	 signalling	 to	 facilitate	 synapse 

formation, maturation, function, and elimination (reviewed in Clarke and Barnes, 2013). 
If	the	neuronal	stem	cells	generated	within	the	ventricular	zone	do	not	become	astrocytes,	

they	are	usually	activated	by	TFs,	such	as	ASCL1	and	MYT1L,	to	become	mature	neurons	

within	 the	 cerebral	 cortex.	 After	 neural	 progenitors	 exit	 the	 cell	 cycle	 and	 commit	 to	 a	

neuronal	 fate,	 the	 newborn	 neurons	 embark	 on	 their	 migratory	 journey	 to	 reach	 their	

appropriate	position	within	the	cortex.		

	

2.2.2 CELL	MIGRATION	DURING	CEREBRAL	CORTEX	DEVELOPMENT	

Postmitotic	 excitatory	 projection	 neurons	 are	 generated	 from	 radial	 glial	 cells	

within	 the	VZ	of	 the	neocortex	 (Noctor	et	al.,	 2001),	 and	 then	undergo	 radial	migration	

towards	 the	 cortical	 plate	 (CP)	 of	 the	 cerebral	 cortex	 (Marin	 and	 Rubenstein,	 2003;	

Guerrini	et	al.,	2008).	This	migration	involves	the	postmitotic	neurons	migrating	from	the	



DOCTOR	OF	PHILOSOPHY	–	Isabel	A.	Hemming	

	
	

13	-																		-	

VZ	into	the	intermediate	zone	(IZ)	and	continuing	into	the	CP.	TFs	precisely	coordinated	

this	 migration	 of	 these	 postmitotic	 excitatory	 projection	 neurons	 (Chedotal,	 2010;	

Kriegstein	and	Noctor,	2004).	Postmitotic	excitatory	projection	neurons	originate	from	the	

dorsal	telencephalon	and	take	the	radial	migratory	route	(Dehay	and	Kennedy,	2007).	This	

migration	 is	 assisted	 by	 radial	 glial	 cells,	which	 form	 spindles	 that	 travel	 in	 a	 ‘point-to-

point’	 manner	 from	 the	 VZ	 to	 the	 pial	 surface	 (Chedotal	 &	 Rijli,	 2009).	 The	 resulting	

scaffolding	 provides	 a	 physical	 means	 of	 transport	 for	 cortical	 neuron	 precursors	 to	

migrate	towards	their	specific	cortical	layers	within	the	cortex	(reviewed	in	Azzarelli	et	al.,	

2015).	 The	 first	 wave	 of	 migrating	 neurons	 forms	 the	 preplate	 (PP),	 while	 the	 second	

wave	splits	the	PP	to	form	the	marginal	zone	(MZ)	on	the	apical	surface	and	subplate	(SP)	

on	the	basal	surface.	The	successive	stages	of	proliferation	and	migration	generate	waves	

of	newly	created	postmitotic	neurons	that	pass	those	from	the	previous	waves	and	locate	

within	 more	 superficial	 layers	 of	 the	 cerebral	 cortex	 (Chedotal	 &	 Rijli,	 2009).	 As	

postmitotic	neurons	progress	from	the	VZ	to	the	CP,	they	adopt	distinct	and	characteristic	

morphologies.	This	‘inside	to	outside’	movement	of	neurons	forms	the	cortical	sub-layers	

(one	 to	 six)	 of	 the	 CP	 (reviewed	 in	 Azzarelli	 et	 al.,	 2015);	 with	 Cajal-Retzius	 cells	

remaining	within	the	MZ,	while	other	neurons	form	the	SP	(Chedotal	&	Rijli,	2009).	Cajal-

Retzius	 cells	 secrete	 an	extracellular	 glycoprotein,	Reelin	 (RLN),	which	binds	 to	 radially	

migrating	neuron	via	 the	cell	membrane	protein	APOER2	(apolipoprotein	E	 receptor	2).	

The	radially	migrating	excitatory	projection	neurons	are	pulled	towards	the	cortical	plate	

by	 this	 activation,	which	 triggers	 cell	 surface	 expression	 of	 integrin	 α5β1	 to	 promote	

adhesion	 to	 extracellular	 fibronectin	 through	 the	 DAB1/CRKL/C3G/RAP1	 signalling	

pathway	 (Chedotal	 &	 Rijli,	 2009).	 Thus,	 the	 attraction	 of	 newly	 generated	 postmitotic	

excitatory	neurons	towards	the	surface	of	the	developing	CP	helps	explain	the	 inside-to-

outside	mode	of	cortical	organisation.		

	

2.2.3 CORTICAL	ORGANISATION	

The	temporal	production	of	successive	waves	of	postmitotic	cortical	neurons	leads	

to	 the	 formation	 of	 a	 distinct	 CP.	 The	 CP	 is	 comprised	 of	 six	 layers	 of	 cells	 defined	 by	

unique	 neurochemical	 signatures,	 gene	 expression,	 and	 cell-cell	 connectivity.	 After	

postmitotic	 neurons	 reach	 their	 correct	 destination	within	 the	 neocortex,	 they	 undergo	

differentiation	and	establish	the	neural	circuitry	(Guerrini	et	al.,	2008).	This	involves	the	

development	and	extension	of	dendrites	and	axons,	which	form	the	synaptic	connections	

that	manage	proper	brain	 function	 (Barnes	and	Polleux,	2009).	Modulation	of	 signalling	

processes	 ultimately	 allows	 these	 neurons	 to	 cease	 radial	 migration	 and	 position	

themselves	 within	 the	 developing	 cortex.	 The	 potential	 for	 a	 neuronal	 progenitor	 to	
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differentiate	 into	 particular	 neuronal	morphologies	 is	 determined	 by	 both	 key	 TFs	 and	

systematic	 environmental	 signalling	 (Guillemot	 et	 al.,	 2006).	 This	 precisely	 controlled	

organisation	 of	 neuron	 fate	 occurs	 largely	 through	 the	 functioning	 of	 these	 key	

transcriptional	 factors	 to	 either	 activate	 or	 inhibit	 specific	 differentiation	 pathways	

(Guillemot	et	al.,	2006).	The	formation	of	cortical	layers	occurs	in	stages,	where	cohorts	of	

progenitor	neurons	undergo	glia-independent	migration	from	the	VZ	to	populate	the	pre-

plate,	 with	 the	 first	 cortical	 layer	 created	 by	 radial	 migration	 of	 newly-formed	 bipolar	

neurons	into	this	region	(reviewed	in	Lim	et	al.,	2018).	Cells	migrating	upwards	through	

the	IZ	exhibit	a	system	of	migration,	whereby	the	cell	changes	morphology	for	a	spherical	

shape	to	a	multipolar	form	and	gains	a	more	liberal	migratory	trajectory.	In	comparison,	

bipolar	 or	 monopolar	 cells	 are	 more	 limited	 in	 their	 migratory	 capacity.	 The	 liberal	

migratory	 trajectory	 of	multipolar	 cells	 allows	 them	 to	 navigate	 through	 obstacles	 that	

occur	 in	 the	 later	 stages	 of	 neurodevelopment	 (reviewed	 in	 Xi	 et	al.,	 2017).	 The	 overall	

purpose	 of	migration	 and	 differentiation	 is	 to	 achieve	 appropriate	 neuronal	maturation	

within	 the	 correct	 spatial	 and	 temporal	 proportions,	 which	 is	 critical	 for	 proper	 brain	

function	(Carletti	and	Rossi,	2008).		

	

2.3 ROLE	OF	ZBTB18	DURING	EARLY	BRAIN	DEVELOPMENT		

Studies	of	TFs	have	 reinforced	 their	 importance	 as	 gene	 regulators	during	human	

development.	 Some	 studies	 have	 worked	 towards	 identifying	 and	 categorising	 all	

transcriptional	 regulators	 involved	 in	mammalian	 development	 (Najafabadi	 et	al.,	 2017;	

Najafabadi	et	al.,	2015).	The	majority	have	 focused	on	defining	the	TFs	and	related	gene	

programs	 that	 are	 involved	 in	 the	 regulation	 of	 aspects	 and	 stages	 of	 mammalian	

development.	One	such	TF	is	ZBTB18	(also	known	as	ZNF238,	RP58,	MRD22,	TAZ-1	and	

C2H2-171),	 a	 zinc	 finger	DNA-binding	protein,	which	acts	 as	a	 transcriptional	 repressor	

during	neurogenesis	(Heng	et	al.,	2013;	Ohtaka-Maruyama	et	al.,	2013;	Baubet	et	al.,	2012;	

Hirai	 et	al.,	 2012;	 Xiang	 et	al.,	 2012;	 Okado	 et	al.,	 2009),	 myogenesis	 (Yokoyama	 et	al.,	

2009),	and	B-lymphopoiesis	 (Cruickshank	et	al.,	2015).	The	understanding	of	 the	role	of	

ZBTB18	during	mammalian	development	has	been,	in	part,	due	to	the	characterisation	of	

both	 conventional	 and	 conditional	 Zbtb18	 knockout	 mouse	 models	 (Xiang	 et	 al.,	 2012;	

Okado	 et	 al.,	 2009).	 The	 methodical	 analyses	 of	 these	 models	 have	 established	 an	

understanding	 of	 the	 impact	 of	 Zbtb18	 gene	 loss	 during	 specific	 stages	 of	 mammalian	

development.	

	

Initially,	a	conventional	Zbtb18	knockout	(KO)	mouse	model	was	generated	to	study	

the	 impact	of	 the	 loss	of	Zbtb18	 throughout	 the	entire	mouse	(i.e.	 in	all	 tissue	 types)	on	
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mammalian	 development.	 The	 homozygous	 progeny	 of	 heterozygous	 intercrosses	 were	

not	viable	after	birth,	 indicating	that	at	 least	one	copy	of	Zbtb18	 is	needed	to	sustain	life	

(Okado	et	al.,	2009).	Further	analysis	of	this	model	determined	that	ZBTB18	is	crucial	for	

cell	 division	 patterning	 and	 neuronal	 survival	 in	 the	 developing	 cortex.	 Within	 the	 KO	

model,	there	was	an	increase	in	neural	progenitor	proliferation,	with	progenitor	cell	cycle	

exit	impaired	during	later	stages	of	cerebral	cortical	development.	The	expression	of	both	

ZBTB18	mRNA	and	protein	was	 identified	within	neuronal	progenitor	cells,	highlighting	

the	possible	role	of	ZBTB18	in	stem	cell	regulation;	however,	the	exact	mechanism	was	yet	

to	be	deduced	(Okado	et	al.,	2009).	Hirai	and	colleagues	(Hirai	et	al.,	2012)	subsequently	

utilised	 this	 KO	mouse	model	 to	 establish	 that	 there	was	 an	 increase	 in	 the	 number	 of	

progenitor	 cells	 within	 the	 VZ	 and	 SVZ,	 attributed	 to	 increased	 expression	 of	 the	 four	

inhibitors	of	DNA	binding	(ID)	proteins	(ID1,	2,	3,	and	4).	All	four	ID	proteins	were	found	

to	 possess	 two	 ZBTB18	 specific	 E-box	 binding	 sites,	 and	 to	 have	 increased	 expression	

within	the	KO	mouse	model	(Baubet	et	al.,	2012).	E-box	binding	sites,	commonly	known	as	

E-box	 enhancer	 elements,	 are	 important	 long-established	 sites	 for	 transcriptional	

regulation	(Church	et	al.,	1985;	Ephrussi	et	al.,	1985).	Since	the	discovery	of	E-box	binding	

sites,	multiple	 E-box	 binding	 proteins	 have	 been	 identified	 and	 been	 shown	 to	 interact	

with	DNA	 to	 regulate	 gene	 expression	 (Murre	et	al.,	 1989).	 Later	 studies	 identified	 that	

ZBTB18	 is	 also	 able	 to	 regulate	 other	 downstream	 targets,	 in	 addition	 to	 the	 four	 ID	

proteins,	through	such	E-box	enhancer	sequences	(Heng	et	al.,	2013).		

	

All	four	ID	proteins	had	previously	been	demonstrated	to	regulate	multiple	aspects	

of	the	cell	cycle	and	cell	proliferation	(Bohrer	et	al.,	2015;	Sharma	et	al.,	2015;	Knowell	et	

al.,	 2013;	 Chassot	 et	al.,	 2007;	 Rothschild	 et	al.,	 2006).	 They	 also	 possess	 two	 ZBTB18	

specific	E-box	binding	 sites	and	show	 increased	expression	within	 the	KO	mouse	model	

(Baubet	 et	al.,	 2012).	 The	 in	utero	 electroporation	 of	 individual	 shRNAs	 for	 all	 four	 ID	

genes,	 designed	 to	 suppress	 their	 expression,	 lead	 to	 the	 reversion	 of	 the	 neuronal	

progenitor	proliferation	and	neuronal	migration	defects	observed	in	the	ZBTB18	knockout	

mouse.	 This	 electroporation	 approach	 identified	 that	 the	 suppression	 of	 Id	 gene	

expression	mirrored	 the	 repressor	 activity	 of	 ZBTB18	 for	 the	 four	 Id	 genes	 in	 the	wild-

type	 mouse	 (Ohtaka-Maruyama	 et	 al.,	 2013).	 Another	 in	 utero	 electroporation	 study	

involving	 only	 the	 overexpression	 of	 cyclin-dependent	 kinase	 inhibitor	 1C	 (p57Kip2),	 a	

downstream	target	of	ID2,	was	undertaken	to	determine	the	involvement	of	ZBTB18	in	the	

control	 of	 neuronal	 proliferation	 via	 ID2.	 They	 observed	 a	 reversal	 of	 the	 proliferation	

defects	associated	with	the	KO	model	was	observed	(Rothschild	et	al.,	2006).	The	other	Id	

genes	and	their	downstream	targets	are	still	to	be	analysed	in	the	same	detail	within	the	

context	 of	 ZBTB18-regulated	 brain	 development.	 The	 two	 different	 approaches	
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undertaken	 to	 investigate	 the	 role	 of	 ZBTB18	 during	 early	 neuronal	 proliferation,	 have	

both	 utilised	 the	 same	 Zbtb18	 KO	 mouse	 model,	 and	 demonstrate	 the	 importance	 of	

ZBTB18-mediated	regulation	to	maintain	controlled	cell	cycle	exit	and	proliferation	within	

the	developing	mammalian	brain.	

The	significance	of	the	transcriptional	regulatory	activity	of	ZBTB18	during	correct	

neuronal	development	has	also	been	determined	through	extensive	studies	using	a	central	

nervous	 system	 conditional	 Zbtb18	 knockout	 (cKO)	 mouse	 model	 (Xiang	 et	 al.,	 2012).	

Xiang	 and	 colleagues	 generated	 the	 cKO	 mouse	 model	 using	 a	 floxed	 Zbtb18	 gene	

(Zbtb18fl/fl)	 mouse	 line	 which,	 when	 crossed	 with	 a	 nervous	 system-specific	 Cre-

expressing	 strain	 (Nestin-Cre),	 knocked	 out	 Zbtb18	 only	 within	 the	 central	 nervous	

system.	 This	 approach	 allowed	 a	 more	 focused	 study	 of	 ZBTB18	 within	 the	 context	 of	

mammalian	 brain	 development,	 without	 the	 drawback	 of	 embryo	 lethality	 that	 arose	

within	 the	 conventional	 KO	model	 (Xiang	 et	al.,	 2012).	 These	Nestin-Cre/Zbtb18fl/fl	mice	

(hereafter	 conditional	 KO	 mice	 (cKO))	 did	 not	 significantly	 differ	 in	 body	 size	 to	 their	

littermates.	 However	 there	 was	 a	 difference	 in	 brain	 size,	 which	 was	 found	 to	 have	 a	

significantly	decreased	volume	of	both	the	cerebral	cortex	and	the	cerebellum.	Histological	

analysis	 further	 revealed	 differences	 in	 brain	 structure	 between	 the	wild-type	 and	 cKO	

littermates.	 The	 cKO	mice	 also	 displayed	 cerebellar	 vermis	 hypoplasia,	 reduced	 cortical	

thickness,	 a	 small	 and	disorganised	 cortex,	 and	 corpus	 callosum	agenesis	 (Baubet	et	al.,	

2012).	All	of	 these	 traits	have	been	previously	 identified	 in	human	patients	with	a	 copy	

number	variation	encompassing	genomic	region	containing	ZBTB18,	resulting	in	the	 loss	

of	the	ZBTB18	gene	(Ballif	et	al.,	2012;	Nagamani	et	al.,	2012;	van	Bon	et	al.,	2008).		

	

Through	further	analysis,	Baubet	and	colleagues	postulated	that	ZBTB18	might	act	

to	 regulate	 brain	 growth	 and	 neuronal	 differentiation	 by	 repressing	 multiple	

proneurogenic	 genes	 at	 specific	 time	 points	 during	 development	 (Baubet	 et	al.,	 2012).	

Baubet	and	colleagues	observed	that	the	smaller	cerebella	seen	in	the	cKO	mice	generated	

by	Xiang	and	 colleagues,	become	more	noticeable	with	age.	The	 cerebellar	 structures	of	

these	mice	were	also	 less	complex	with	 fewer	and	underdeveloped	cerebellar	 lobes	and	

defective	 lamination,	 suggesting	 a	 reduction	 in	 the	 transfer	 of	 information	 and	 brain	

function	 (Baubet	et	al.,	 2012).	These	 findings	 suggest	 the	 critical	 role	of	ZBTB18	 for	 the	

proper	development	of	essential	brain	structures	in	mice,	including	the	complex,	layered	

structure	of	 the	cerebral	cortex.	This	supports	the	findings	from	the	previous	work	with	

conventional	KO	mice.	Repression	of	two	neuronal	growth	factors	by	ZBTB18,	NEUROG2	

and	 neurogenic	 differentiation	 1	 (NEUROD1),	 was	 determined	 through	 tissue-specific	

expression	 analysis	 (Xiang	 et	 al.,	 2012).	 Therefore,	 these	 studies	 indicate	 one	 possible	
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regulatory	 pathway	 through	 which	 ZBTB18	 mediates	 central	 nervous	 system	

development.	 Altogether,	 the	 initial	 findings	 from	 the	 conventional	 and	 conditional	

knockout	 mouse	 models	 highlight	 the	 importance	 of	 ZBTB18	 for	 correct	 cortical	

organisation.	 This	 is	 established	 by	 appropriate	 ZBTB18-mediated	 regulation	 of	 target	

genes	and	their	downstream	functions,	to	control	proper	neural	progenitor	proliferation.	

	

Neurog2	 is	one	of	 the	downstream	target	genes	regulated	by	ZBTB18	during	early	

brain	 development	 (Heng	 et	al.,	 2013).	 NEUROG2	 has	 previously	 been	 identified	 to	 be	

involved	 in	regulating	neurogenesis	 through	 its	role	as	a	bHLH	transcriptional	activator.	

Kovach	and	colleagues	were	able	 to	determine	 the	 role	of	NEUROG2	 through	 the	use	of	

obligate	 fusion	 proteins;	 turning	 NEUROG2	 into	 either	 an	 obligatory	 activator	 or	

obligatory	 repressor.	 Thus,	 they	 established	 the	 role	 of	 NEUROG2	 as	 a	 transcriptional	

activator	by	ascertaining	that	the	activator	fusion	protein	was	a	phenocopy	of	NEUROG2	

when	compared	to	the	wild	type	protein	state	(Kovach	et	al.,	2013).	Also,	NEUROG2	was	

determined	to	indirectly	act	as	a	repressor.	The	indirect	repression	of	Neurog2	occurs	via	

a	signalling	cascade	through	the	initial	NEUROG2	activation	of	T-box	brain	protein	2	(Tbr2,	

also	known	as	Eomesodermin	(EOMES))	expression.	TBR2	then	represses	both	paired	box	

transcription	 factor	 6	 (Pax6)	 during	 cortical	 progenitor	maturation	 (Quinn	 et	al.,	 2007)	

and	 Early	 B-cell	 factor	 2	 (Ebf2)	 within	 cortical	 cells	 to	 inhibit	 ventral	 gene	 expression	

(Kovach	 et	 al.,	 2013)	 (summarised	 in	 Figure	 2.3.1).	 NEUROG2	 is	 also	 involved	 in	 the	

NOTCH-HES1	signalling	pathway,	with	oscillating	NOTCH	signalling	resulting	in	oscillating	

Neurog2	 and	Hes	Family	bHLH	 transcription	 factor	1	 (Hes1)	 expression.	 HES1	 regulates	

Neurog2	and	Delta-like	protein	1	(Dll1)	oscillations	via	direct	repression,	while	NEUROG2	

directly	 activates	 Hes1.	 Thus,	 the	 HES1	 mediated	 repression	 of	Neurog2	 results	 in	 the	

reduction	of	HES1,	and	the	subsequent	 increase	of	NEUROG2	(Shimojo	et	al.,	2008).	The	

activation	 of	 Dll1	 by	 HES1	 results	 in	 the	 activation	 of	 Notch1	 (neurogenic	 locus	 notch	

homolog	1)	in	adjacent	progenitor	cells,	resulting	in	maintained	Hes1	oscillation	(Shimojo	

et	al.,	2008)	(summarised	in	Figure	2.3.1).	Overall,	these	findings	signify	the	importance	of	

Neurog2	as	a	transcriptional	regulator	during	the	initial	stages	of	neuronal	development.	

Furthermore,	 these	 studies	 indirectly	 highlight	 the	 importance	 of	 ZBTB18-mediated	

regulation	of	Neurog2	for	proper	neuronal	development.	

	

The	proper	migration	of	neurons	from	the	VZ	into	the	developing	cerebral	cortex	is	

critical	 for	 the	 correct	positioning	of	 intermediate	neurons	and	 the	 correct	 formation	of	

fundamental	neuronal	circuits	(Heng	and	Guillemot,	2013).	The	loss	of	ZBTB18	within	the	

developing	 mammalian	 cortex	 results	 in	 imbalances	 of	 neuronal	 migration	 and	 the	
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improper	 positioning	 of	 developing	 cortical	 neurons	 (Heng	 et	 al.,	 2013;	 Heng	 and	

Guillemot,	 2013;	 Ohtaka-Maruyama	 et	 al.,	 2013;	 Okado	 et	 al.,	 2009).	 Through	 the	

introduction	of	shRNAs	to	knockdown	ZBTB18	levels	 in	utero,	ZBTB18-deficient	neurons	

were	noted	to	fail	in	their	transition	from	multipolar	to	bipolar	morphologies	(Heng	et	al.,	

2013;	 Ohtaka-Maruyama	 et	al.,	 2013).	 The	 affected	 neurons	 failed	 to	 migrate	 correctly	

through	the	IZ	and	into	the	CP,	suggesting	ZBTB18	is	involved	in	the	transition	of	neurons	

from	multipolar	 to	bipolar	morphologies.	Ohtaka-Maruyama	and	colleagues	employed	 in	

utero	electroporation	knockdown	to	establish	the	mechanism	behind	this	failed	neuronal	

migration.	They	demonstrated	that	the	loss	of	ZBTB18-mediated	regulation	resulted	in	a	

reduction	of	 the	number	of	neurons	able	 to	reach	the	pial	surface	(Ohtaka-Maruyama	et	

al.,	 2013).	 Immunostaining	 of	 electroporated	 cells	 showed	 that	 they	 had	 thinner	 and	

longer	neurites,	suggesting	ZBTB18	regulates	axon	and	dendrite	development	(Heng	et	al.,	

2013).	 The	 mouse	 brain	 defects	 from	 Zbtb18	 knocked	 down	 were	 partially	 rescued	

through	 the	 introduction	 of	 a	 human	 ZBTB18	 expression	 construct.	 This	 approach	

demonstrated	 that	 the	 observed	defects	were	 due	 to	 the	 loss	 of	 ZBTB18	 and	not	 the	 in	

utero	electroporation.	An	increase	in	neuron	progenitor	proliferation	in	ZBTB18-deficient	

cells	 was	 also	 observed	 via	 in	 utero	 electroporation.	 The	 proliferation	 defect	 could	

likewise	be	rescued	 through	 the	same	process	 (addition	of	a	human	ZBTB18	expression	

construct)	 (Ohtaka-Maruyama	 et	 al.,	 2013),	 reinforcing	 the	 importance	 of	 ZBTB18-

mediated	transcriptional	regulation	within	the	developing	cerebral	cortex.	

	

The	 abnormal	multipolar	morphologies	 of	 ZBTB18	deficient	 cells	 identified	 in	 the	

ZBTB18	 knockdown	 experiments	 showed	 similar	 defects	 to	 those	 observed	 in	 cells	

overexpressing	 RND2.	 It	 was	 later	 confirmed	 (via	 in	utero	 electroporation	 experiments	

and	 luciferase	 reporter	 assays)	 that	Rnd2	 is	 a	 downstream	 target	 gene	 of	 ZBTB18	 and	

possesses	a	3′	enhancer	that	is	bound	directly	by	ZBTB18	to	mediate	repression	(Heng	et	

al.,	 2013).	 Heng	 and	 colleagues	 undertook	 in	utero	 electroporation	 knockdown	 studies	

utilising	mouse	Zbtb18-targeting	siRNAs.	They	observed	partially	rescue	of	the	migration	

defects	for	Zbtb18	knockdown	cells	by	co-electroporation	of	a	weakly	active	Rnd2	shRNA,	

but	 not	 the	 strongly	 active	Rnd2	 shRNA	 (Heng	et	al.,	 2013).	Rnd2	 encodes	 a	 small	 GTP-

binding	 protein,	 which	 is	 expressed	 within	 the	 developing	 cerebral	 cortex	 and	 is	

downregulated	 after	 neuronal	 differentiation	 has	 concluded	 (Pacary	 et	 al.,	 2011).	 The	

importance	of	RND2	for	neuronal	migration	was	first	suggested	based	on	the	observation	

that	Rnd2	knockdown	impairs	the	radial	migration	of	cortical	cells	(Heng	et	al.,	2008).	It	

was	 later	 clarified	 in	 further	 research	 that	disruptions	 to	Rnd2	 expression	 could	 lead	 to	

neuronal	migration	defects	(Heng	et	al.,	2013).	The	defects	resulted	from	a	lack	of	RND2-

mediated	 regulation	 of	 Ras	 homolog	 gene	 family	 member	 A	 (RHOA)	 activity	 during	
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neuronal	 development.	 This	 RND2-mediated	 inhibition	 of	 RHOA	 activity	 promotes	

neuronal	 migration.	 Importantly,	 precise	 regulation	 of	 RHOA	 is	 crucial	 for	 proper	

cytoskeletal	 organisation	 during	 nucleokinesis.	 Nucleokinesis	 is	 a	 critical	 step	 during	

neuronal	 migration,	 and	 involves	 specific	 cytoskeleton	 remodelling	 to	 traffic	 neurons	

along	 the	 glial	 scaffolding	 (Pacary	 et	al.,	 2011).	 From	 this	 body	 of	work,	 it	 is	 clear	 that	

ZBTB18-mediated	repression	of	Rnd2	regulates	the	activity	of	RHOA	during	nucleokinesis,	

which	is	crucial	for	the	migration	of	neurons	into	the	cortical	plate.	

	

In	addition	to	the	role	of	RND2	as	a	regulator	of	RHOA	cytoskeletal	remodelling,	 it	

has	 been	 shown	 to	 interact	 with	 Plexins	 to	 govern	 cell	 adhesion,	 migration,	 and	 axon	

guidance.	Specifically,	RND2	has	been	shown	to	inhibit	migration	of	COS-7	(CV-1	in	Origin	

with	 SV40	 genes	 monkey	 fibroblast)	 cells,	 via	 its	 interaction	 with	 both	 PLEXIN-D1	
(PlxnD1)	 and	 Ras-related	 GTPase-activating	 protein	 (R-RAS	 GAP)	 (Uesugi	 et	 al.,	 2009;	

Nakamura	et	al.,	2006).	Inhibition	of	axon	outgrowth	from	cortical	neurons	was	found	to	

require	 RND2	 to	 be	 bound	 to	 PLXND1,	 thus	 facilitating	 semaphorin	 3E	 (SEMA3E)	 and	

PLXND1	binding	to	induce	axonal	repulsion	of	cortical	neurons.	Subsequently,	this	binding	

results	 in	 the	 required	 downregulation	 of	 R-RAS	 activity.	 From	 this	 outcome,	 it	 was	

concluded	that	the	PLXND1-RND2	complex	is	required	for	the	inactivation	of	R-RAS,	which	

is	 necessary	 for	 the	 Sema3E-induced	 inhibition	 of	 axon	 outgrowth	 in	 cortical	 neurons	

(Causeret	 et	 al.,	 2004).	 RND2	 is	 an	 upstream	 regulator	 of	 formin-binding	 protein	 1	

(FNBP1),	 which	 has	 membrane	 deformation	 activities	 during	 neural	 dendrite	

development.	Wakita	and	colleagues	have	determined	that	this	relationship	is	essential	for	

regulating	dendritic	spine	formation;	the	knockdown	of	Fnbp1	results	in	decreased	spine	

density,	and	the	knockdown	of	Rnd2	results	in	the	suppression	of	spine	formation	(Wakita	

et	al.,	2011).	

	

	Neurog2	deficient	cells	are	reported	to	have	impaired	neuronal	migration,	with	the	

overexpression	 of	 Rnd2	 restoring	 this	 impairment,	 with	 these	 cells	 able	 to	 enter	 the	

cerebral	 cortex	 (Heng	 et	 al.,	 2008).	 However,	 due	 to	 the	 rapid	 down-regulation	 of	

NEUROG2	and	ongoing	expression	of	RND2	within	migrating	neurons,	other	factors	were	

suggested	to	be	 involved	 in	the	regulation	of	Rnd2	expression	(Heng	et	al.,	2008).	 It	was	

later	determined	that	ZBTB18	was	another	factor	involved	in	Rnd2	regulation	and	acts	as	

a	direct	transcriptional	repressor	of	Rnd2,	 targeting	two	E-box	enhancer	elements	(Heng	

et	 al.,	 2013).	 These	 findings	 built	 on	 the	 previous	 analyses	 of	 ZBTB18	 by	 Aoki	 and	

colleagues,	which	determined	that	ZBTB18	contained	a	DNA-binding	region	with	sequence	

specificity	for	enhancer-box	regulatory	elements	(E-boxes)	(Aoki	et	al.,	1998).	In	Zbtb18-
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deficient	mice,	a	significant	increase	in	RND2	expression	was	observed	within	the	cortex	

and	 corresponded	with	 an	 increase	 of	 NEUROG2	 (Ohtaka-Maruyama	 and	 Okado,	 2015;	

Heng	et	al.,	2013;	Ohtaka-Maruyama	et	al.,	2013).	This	overexpression	of	RND2	correlated	

with	equivalent	neurological	defects	to	those	observed	during	NEUROG2	overexpression	

(Okado	 et	al.,	 2009).	 These	 findings	 demonstrate	 ZBTB18	 as	 an	 upstream	 repressor	 of	

Neurog2	 and	 Rnd2,	 while	 NEUROG2	 is	 an	 upstream	 activator	 of	 Rnd2	 and	 ZBTB18,	

suggesting	 a	 complex	 negative	 feedback	 signalling	 loop	 that	 tightly	 regulates	 Rnd2	

expression	(Heng	et	al.,	2013).	The	understanding	of	the	neurogenesis	pathways	disrupted	

in	 Zbtb18	 KO	models	 indicates	 the	 importance	 of	 ZBTB18	 for	 the	 proper	 regulation	 of	

other	 neurogenesis-related	 proteins	 during	 mammalian	 neuronal	 development	 (Figure	

2.3.1).	

Figure	2.3.1	-	Summary	of	the	Role	of	ZBTB18	During	Cerebral	Cortical	Development.		

ZBTB18	is	predicted	to	influence	proliferation	of	cycling	of	radial	glial	cells,	in	orange	(1);	generation,	in	yellow	(2),	
and	radial	migration	(3)	of	postmitotic	neurons,	 in	 light	green;	multipolar	 to	bipolar	 transition	of	postmitotic	neurons,	 in	
light	 green	 (4),	 neuronal	maturation,	 to	 dark	 green	 (5),	 and	 is	 predicted	 to	 influence	 the	 homeostasis	 of	mature	 cortical	
neurons,	 in	 dark	 green	 (6).	 Key	 molecular	 regulators	 are	 indicated	 and	 include	 cyclin-dependent	 kinase	 inhibitor	 1B	
(p27Kip1),	neurogenic	differentiation	2	(NEUROD2),	neurogenin	2	(NGN2/NEUROG2),	inhibitor	of	DNA	binding	3	(ID3),	zinc	
finger	protein	with	a	BTB	domain	18	(ZBTB18),	rho	family	GTPase	2	(RND2),	paired	box	6	(PAX6),	cyclin-dependent	kinase	
inhibitor	 1C	 (p57kip2),	 ras	 homolog	 family	member	A	 (RHOA),	 plexin	D1	 (PLXND1),	 RAS	 related	 (R-RAS),	 Semaphorin	 3E	
(SEMA3E),	 and	 Rapostlin	 (also	 know	 as	 FNBP1).	 The	 solid	 arrows	 indicate	 direct	 activation	 while	 the	 solid	 bar	 arrows	
indicate	direct	repression.	Dashed	lines	indicate	an	indirect	association	between	two	aspects	of	cortical	development.	Image	
generated	with	resources	provided	by	biorender.io.	

	

2.4 ADDITIONAL	 ROLES	 OF	 ZBTB18	 DURING	 MAMMALIAN	

DEVELOPMENT	

2.4.1 MUSCLE	CELL	DIFFERENTIATION	

Myogenic	 cell	migration	 is	 affected	within	Zbtb18	 knockout	mice,	 resulting	 in	 the	

failure	 of	 muscle	 fibres	 to	 differentiate	 and	 form	 multinucleated	 myotubes,	 leading	 to	

skeletal	 muscle	 defects	 (Yokoyama	 et	 al.,	 2009).	 Expression	 of	 ZBTB18	 also	 has	
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overlapping	 expression	 with	 myogenin	 (Yokoyama	 et	 al.,	 2009),	 a	 protein	 previously	

shown	to	regulate	gene	expression	during	terminal	differentiation	of	myogenic	cells	(Blais	

et	 al.,	 2005).	 Using	 the	 conventional	 Zbtb18	 KO	 mouse	 model	 (Okado	 et	 al.,	 2009),	

Yokoyama	 and	 colleagues	 identified	 ZBTB18	 as	 a	 possible	 regulator	 of	 myogenesis	

(Yokoyama	et	al.,	2009).	ZBTB18	expression	was	found	within	muscle	masses	in	limb	buds	

and	 was	 not	 present	 when	 a	 myogenesis	 precursor,	 paired	 box	 transcription	 factor	 3	

(Pax3),	 was	 downregulated.	 Additionally,	 reduced	 ZBTB18	 expression	 was	 observed	

within	 a	 previously	 characterised	Pax3	 knockout	model,	 although	 PAX3	 expression	was	

not	 altered	within	 the	 Zbtb18	 KO	mouse	model.	 This	 work	 suggested	 that	 ZBTB18	 lies	

downstream	 of	 PAX3	 during	 myogenesis	 signalling	 (Yokoyama	 et	al.,	 2009).	 Luciferase	

assays	experiments	 identified	 that	 the	prime	 transcriptional	 activator	 specific	 to	muscle	

tissue,	 myogenic	 differentiation	 gene	 1	 (MYOD)	 bound	 the	 Zbtb18	 promoter	 region.	

Binding	 of	 MYOD	 to	 Zbtb18	 is	 followed	 by	 histone	 acetylation	 and	 was	 increased	 in	

differentiating	 myogenic	 cells	 (Yokoyama	 et	 al.,	 2009).	 The	 regulatory	 role	 of	 ZBTB18	

during	 myogenesis	 was	 found	 to	 be	 due	 to	 direct	 binding	 to	 E-box	 enhancer	 elements	

present	in	two	myogenesis	inhibitors,	Id2	and	Id3.	These	two	ID	proteins	would	otherwise	

act	 to	 inhibit	 skeletal	 muscle	 cell	 differentiation	 within	 the	 developing	 limb	 bulb.	 The	

repression	of	Id2	and	Id3	facilitates	myogenic	cell	differentiation	and	migration	along	the	

limb	 bud	 to	 form	 skeletal	muscle	 (Hirai	 et	al.,	 2012).	 The	 use	 of	 this	Zbtb18	 KO	mouse	

model	determined	that	ZBTB18	is	involved	in	activating	muscle	differentiation	within	the	

developing	 limb	 bud,	 indicating	 the	 importance	 of	 ZBTB18-mediated	 gene	 regulation	

during	muscle	development.	

	

2.4.1 B-LYMPHOPOIESIS	

Although	 ZBTB18	 has	 been	 shown	 to	 be	 largely	 involved	 in	 neurogenesis	 and	

myogenesis,	ZBTB18	has	also	been	shown	to	be	involved	in	the	development	of	immature	

B	cells	(Cruickshank	et	al.,	2015).	ZBTB18	acts	as	a	transcriptional	repressor	during	B	cell	

activation	 and	 plasma	 cell	 differentiation	 by	 means	 of	 its	 interaction	 with	 DNA	

methyltransferase	 3A	 (DNMT3A).	 DNMT3A	 methylates	 DNA,	 which	 is	 associated	 with	

heterochromatinisation	 and	 transcriptional	 repression	 of	 target	 genes.	 Indeed,	 when	

Dnmt3a	is	knocked	down,	chromatin	accessibility	has	been	shown	to	increase	at	ZBTB18	

binding	motifs	(Barwick	et	al.,	2018;	Chen	and	Chan,	2014).	DNMT3A	is	one	of	the	proteins	

recruited	 by	 ZBTB18	 to	 assist	 in	 mediating	 gene	 repression.	 DNMT3A	 is	 a	

methyltransferase	 that	 acts	 to	 condense	 adjacent	 chromatin,	 thus	 preventing	 further	

transcription	 and	 translation	 of	 ZBTB18	 target	 genes	 (Fuks	 et	 al.,	 2001).	 The	 role	 of	

ZBTB18	 in	 B-lymphopoiesis	 was	 further	 ascertained	 through	 the	 comparison	 of	 two	
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hematopoietic	stem	cell	derived	immortalised	cell	 lines;	one	derived	from	hematopoietic	

precursors	K562	and	one	specifically	derived	from	B-cell	precursors	Raji	(Cruickshank	et	

al.,	2015).	Comparison	of	these	lines	using	luciferase	reporter	assays,	mass	spectrometry,	

electrophoretic	 mobility	 shift	 assays,	 and	 chromatin	 accessibility	 studies,	 showed	 that	

ZBTB18	represses	expression	of	complement	C3d	receptor	2	(CR2),	via	the	second	E-box	

sequence	 within	 the	 Cr2	 promoter	 region	 (Cruickshank	 et	 al.,	 2015).	 These	 findings	

demonstrated	that	ZBTB18	co-regulates	CR2	activity	with	E2A	immunoglobulin	enhancer-

binding	 factor	 E12/E47	 (E2A,	 also	 known	 as	 TCF3)	 and	 Upstream	 stimulatory	 factor	 1	

(USF-1)	to	properly	regulate	appropriate	B-cell	development	(Cruickshank	et	al.,	2015).	In	

addition	 to	 the	 regulation	 of	 B-cell	 development,	 ZBTB18	 has	 been	 identified	 to	 be	

involved	in	gene	regulation	during	early	T-cell	specification	and	commitment	(David-Fung	

et	al.,	2009).	

2.5 HUMAN	 BRAIN	 DISORDERS	 ASSOCIATED	 WITH	 ZBTB18	
DISRUPTIONS		

Previous	 studies	 have	 repeatedly	 highlighted	 an	 association	 between	 variations	

involving	ZBTB18	and	human	brain	disorder	(van	der	Schoot	et	al.,	2018;	Depienne	et	al.,	

2017;	Farwell	et	al.,	 2015;	de	Munnik	et	al.,	 2014;	Edwards	et	al.,	 2014;	Epi	et	al.,	 2013;	

Nagamani	et	al.,	2012;	Ballif	et	al.,	2012;	Rauch	et	al.,	2012;	Boland	et	al.,	2007;	van	Bon	et	

al.,	2008).	Genetic	association	studies	of	patients	with	CNVs	involving	ZBTB18	have	linked	

the	 loss	of	a	single	copy	of	ZBTB18	with	altered	brain	size,	corpus	callosal	agenesis,	and	

intellectual	 disability	 (Ballif	 et	 al.,	 2012;	 Nagamani	 et	 al.,	 2012;	 van	 Bon	 et	 al.,	 2008;	

Boland	 et	 al.,	 2007),	 thereby	 implicating	 ZBTB18	 in	 appropriate	 human	 brain	

development.	 However,	 while	 such	 studies	 have	 refined	 the	 ZBTB18-related	 genomic	

regions	 involved	 in	 abnormal	 brain	 development,	 the	 exact	 role	 of	 ZBTB18	 in	 the	

associated	 brain	 disorders	 is	 difficult	 to	 substantiate	 from	 these	 studies	 alone.	 Further	

investigations	 into	 the	 impact	 of	 single	 genetic	 variants	 within	 ZBTB18	 are	 needed	 to	

better	understand	the	individual	role	of	ZBTB18	in	normal	human	brain	development.	One	

such	 approach	 is	 the	 characterisation	 of	 disease-associated	 point	 variants	 in	 ZBTB18,	

including	 those	 predicted	 to	 result	 in	 a	 loss	 of	 protein	 function.	 Clinical	 reports	 have	

identified	 eleven	 single	nucleotide	missense	 variants	within	ZBTB18	 in	 individuals	with	

intellectual	 disability	 (van	 der	 Schoot	 et	al.,	 2018;	 Depienne	 et	al.,	 2017;	 Farwell	 et	al.,	

2015;	 de	Munnik	et	al.,	 2014;	 Edwards	et	al.,	 2014;	 Epi	et	al.,	 2013;	Rauch	et	al.,	 2012).	

Seven	 of	 these	 variants	 are	 located	within	 the	 C2H2	 zinc	 finger	 region	 of	 ZBTB18.	 The	

investigation	of	ZBTB18	missenses	variants	identified	within	the	literature,	may	clarify	the	

involvement	of	ZBTB18	genetic	variation	in	both	human	brain	development	and	disease.	
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In	 addition	 to	 the	 strong	 link	 between	 disruptions	 to	 ZBTB18	 and	 intellectual	

disability,	 other	 brain	 disorders	 that	 are	 associated	with	 dysregulated	 of	 ZBTB18	 or	 its	

downstream	targets.	Huntington’s	disease	is	one	such	instance	where	studies	that	mapped	

gene	 expression	 changes	 during	 disease	 progression	 identified	 significant	 changes	 in	

ZBTB18	regulation	and	expression	(Jia	et	al.,	2012a;	Jia	et	al.,	2012b).	ZBTB18	is	one	of	the	

few	 genes	 found	 to	 be	 a	 robust	 indicator	 of	 motor	 ability	 in	 mice	 with	 a	 Huntington’s	

disease-like	 phenotype	 (Mastrokolias	 et	 al.,	 2015).	 Moreover,	 disruptions	 to	 gene	

repression	 mechanisms	 within	 the	 brain,	 including	 those	 involving	 ZBTB18,	 has	 been	

identified	 in	multiple	human	cohort	studies	of	Huntington’s	disease	(Neueder	and	Bates,	

2014;	Zhai	et	al.,	2005;	Zuccato	et	al.,	2007).	Taken	together,	 these	findings	highlight	the	

importance	 of	 ZBTB18	 for	 the	 proper	 regulation	 of	 brain	 homeostasis.	 In	 addition	 to	

Huntington’s	disease,	ZBTB18	is	identified	as	a	novel	candidate	for	schizophrenia	within	a	

genome-wide	 association	 study	 employing	 the	 prioritisation	 of	 genes	 by	 chromatin	

interaction	 mapping	 (Watanabe	 et	 al.,	 2017).	 ZBTB18	 has	 also	 been	 more	 directly	

associated	 with	 some	 instances	 of	 schizophrenia	 (Guo	 et	 al.,	 2010).	 The	 oestrogen	

receptor	 alpha	 gene	 (ESR1)	 is	 a	 downstream	 target	 gene	 that	 is	 usually	 repressed	 by	

ZBTB18.	The	oestrogen	receptor	family,	including	ESR1,	has	been	shown	to	be	one	of	the	

main	regulatory	pathways	consistently	disrupted	 in	schizophrenia	(Wonodi	et	al.,	2011).	

Variants	 in	 ESR1,	 including	 one	 in	 a	 ZBTB18	 binding	 site,	 have	 been	 associated	 with	

schizophrenia	(Weickert	et	al.,	2008).		

	

2.6 THE	 ROLE	 OF	 ZBTB18	 FUNCTIONAL	 DOMAINS	 AND	 THEIR	
EVOLUTIONARY	CONSERVATION		

ZBTB18	is	able	to	regulate	mammalian	brain	development	due	to	its	structure	as	a	

zinc	finger	protein	(Meng	et	al.,	2000).	The	nature	of	ZBTB18	as	a	DNA-binding	repressor	

protein	 was	 initially	 identified	 in	vitro	 (Aoki	 et	al.,	 1998;	 Becker	 et	al.,	 1997),	 with	 the	

molecular	 mechanism	 later	 verified	 in	 vivo	 (Heng	 et	 al.,	 2013).	 The	 two	 predicted	

functional	 domains	 of	 ZBTB18	 are	 the	 Broad	 complex	 tram	 track	 bric-a-brac	 (BTB)	

domain	 at	 the	 N-terminus,	 suspected	 to	 be	 important	 for	 the	 recruitment	 of	 other	 co-

repressor	 proteins;	 and	 the	 zinc	 finger	 binding	 domain	 at	 the	 C-terminus,	 consisting	 of	

four	 zinc	 finger	motifs,	 predicted	 to	 be	 involved	 in	 the	 binding	 of	 ZBTB18	 to	 sequence-

specific	 segments	 of	 DNA	 within	 the	 genome	 (Siggs	 and	 Beutler,	 2012).	 The	 protein	

sequence	 of	 ZBTB18	 is	 highly	 conserved	 across	many	 vertebrate	 species,	 with	 humans	

(Homo	 sapiens)	 sharing	 99.81%	 (530/531	 amino	 acids)	 protein	 homology	 with	

chimpanzees	 (Pan	 troglodytes)	 and	 rhesus	 monkeys	 (Macaca	 mulatta),	 and	 99.44%	

(528/531	 amino	 acids)	 with	 mice	 (Mus	musculus).	 Additionally,	 only	 a	 minority	 of	 the	
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sequence	variations	are	due	to	amino	acids	differences	to	human	ZBTB18	within	predicted	

functional	protein	domains	 (3.75%	6/160).	Furthermore,	 this	 sequence	variation	within	

the	 functional	 domains	 is	 only	 found	 within	 frogs	 (Xenopus	 tropicalis)	 and	 zebrafish	

(Danio	rerio);	and	not	chimpanzees,	rhesus	monkeys,	mice,	rats	(Rattus	norvegicus),	cows	

(Bos	Taurus),	 chickens	 (Gallus	gallus),	 and	 dogs	 (Canis	 lupus	 familiaris);	 the	 amino	 acid	

substitutions	 also	 typically	 have	 conserved	 chemical	 properties.	 Thus	 emphasising	 that	

ZBTB18	 is	 a	 highly	 conserved	 protein	 throughout	 vertebrates,	 with	 higher	 levels	 of	

constraint	in	the	BTB	domain	and	four	zinc	finger	motifs	(Figure	2.6.1.).	The	BTB	domain	

is	 highly	 conserved;	 there	 is	 100%	 (67/67	 amino	 acids)	 protein	 sequence	 homology	

between	humans,	chimpanzees,	rhesus	monkeys,	mice,	rats,	cows,	chickens	and	dogs;	and	

98.51%	(66/67	amino	acids)	BTB	domain	homology	for	humans	with	frogs	and	zebrafish,	

individually.	In	addition,	the	four	zinc	finger	motifs	are	highly	conserved	between	humans,	

chimpanzees,	rhesus	monkeys,	mice,	rats,	cows,	chickens	and	dogs	(100%,	93/93	amino	

acids),	while	humans	have	98.92%	(92/93	amino	acids)	and	97.85%	(91/93	amino	acids)	

zinc	 finger	 homology	 with	 frogs	 and	 zebrafish,	 respectively.	 Overall,	 these	 findings	

indicate	 the	 importance	 of	 the	 correct	 ZBTB18	 amino	 acid	 sequence	 for	 appropriate	

physical	functioning	across	all	vertebrates.		

	

	

	

	

	

	

	

	

	

	

	

Figure	2.6.1	–	ZBTB18	protein	sequence	conservation	across	vertebrates.	

A	protein	sequence	alignment	was	carried	out	using	the	CLUSTAL	O	(1.2.4)	multiple	sequence	alignment	software	
for	 Human	 (Homo	 sapiens,	 NP_991331.1),	 Chimpanzees	 (Pan	 troglodytes,	 XP_525117.2),	 Rhesus	 (Macaca	 mulatta,	
NP_001244821.1),	 Mouse	 (Mus	musculus,	 NP_001012330.1),	 Rat	 (Rattus	norvegicus,	 XP_006250390.1),	 Cow	 (Bos	Taurus,	
NP_001071484.1),	 Chicken	 (Gallus	 gallus,	 XP_015139471.1),	 Dog	 (Canis	 lupus	 familiaris,	 XP_547497.2),	 Frog	 (Xenopus	
tropicalis,	NP_001016948.2),	and	Zebrafish	(Danio	rerio,	NP_001076421.1)	ZBTB18.	The	asterisks	indicate	identical	amino	
acids	for	all	species,	the	colons	indicate	conserved	amino	acids,	the	periods	indicate	slightly	conserved	amino	acids,	and	the	
space	 indicates	no	 conservation	between	all	 of	 the	 species.	Green	highlights	 indicate	 amino	acids	 identical	 to	 the	Human	
ZBTB18	sequence,	yellow	highlights	indicate	differing	conserved	amino	acids,	which	have	the	same	chemical	properties	to	
the	 human	 amino	 acid,	 and	 red	 highlights	 indicate	 differing	 non-conserved	 amino	 acids,	 which	 do	 not	 have	 the	 same	
chemical	properties	as	the	human	sequence.	The	black	box	indicates	the	predicted	BTB	binding	domain,	while	the	four	grey,	
dashed	boxes	 indicate	 the	 four	predicted	zinc	 finger	motifs	of	 the	zinc	 finger	domain.	The	 table	 included	summarizes	 the	
protein	homology	and	conservation	for	each	species	when	compared	to	the	human	ZBTB18	protein	sequence.		

A	larger	version	of	this	figure	has	been	included	in	Appendix	A.4.1	as	Supplementary	Figure	A.4.1.2.	
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Animal Percentage of  
homology to human RP58 

Percentage of  
conservation to human RP58 

Chimps 99.81%     530/531 100.0%     531/531 
Rhesus(M) 99.81%     530/531 100.0%     531/531 

Mice 99.44%     528/531 100.0%     531/531 
Rats 99.25%     527/531 99.62%     529/531 
Cows 99.25%     527/531 100.0%     531/531 

Chickens 97.93%     520/531 99.25%     527/531 
Dogs 97.74%     519/531 98.87%     525/531 
Frogs 85.12%     452/531 93.79%     498/531 

Zebrafish  71.00%     377/531 80.04%     425/531 

Zinc	finger	1	 Zinc	finger	2	

Zinc	finger	3	 Zinc	finger	4	

BTB	Binding	Domain	
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Unlike	 the	 protein	 similarity	 between	 ZBTB18	 in	 humans	 and	 other	 vertebrates,	

there	 is	 no	 strong	 protein	 sequence	 conservation	 between	 ZBTB18	 and	 the	 other	

members	of	the	human	ZBTB	protein	family.	The	two	closest	family	members	to	ZBTB18,	

ZBTB3	and	ZBTB42,	have	only	56.61%	and	46.12	protein	sequence	homology,	respectively	

(Figure	2.6.2.).	The	next	closest	protein,	Myoneurin	(MYNN,	also	known	as	ZBTB31),	only	

has	33.33%	protein	homology,	while	the	rest	of	the	ZBTB	protein	family	has	between	15-

30%	protein	homology	to	ZBTB18.	These	observations	may	suggest	why	 loss	of	a	single	

copy	of	ZBTB18	results	in	the	observed	phenotype.	That	is,	no	other	members	of	the	same	

protein	 family	would	be	 able	 to	 compensate	 for	 the	 reduction	 in	ZBTB18	protein	 levels	

properly.	 Similar	 findings	are	 seen	 for	other	ZBTB	 family	members,	 suggesting	 that	 this	

lack	of	 function	compensation	 from	other	 family	members	spans	 the	whole	ZBTB	family	

(data	 not	 shown).	 Only	 BCL6	 and	 BCL6B	 appear	 to	 have	 high	 levels	 of	 sequence	

conservation	with	 each	 other.	 These	 results	 suggest	 that	members	 of	 the	 ZBTB	 protein	

family	have	distinctive	and	highly	specialised	functions,	and	these	functions	are	dependant	

on	correct	protein	sequences	for	each	individual	family	member.	Thus,	there	is	significant	

sequence	conservation	of	the	ZBTB	protein	family	across	vertebrates,	but	not	across	each	

vertebrate’s	ZBTB	protein	family.		

	

ZBTB18	 recruits	 the	 DNA	Methyltransferase	 Dnmt3a	 to	mediate	 gene	 repression.	

The	 ZBTB18	 BTB	 domain	 is	 proposed	 as	 the	 mediator	 of	 this	 interaction	 (Fuks	 et	 al.,	

2001).	The	BTB	domain	is	also	suggested	to	be	involved	in	the	formation	of	homodimers,	

with	 BTB	 domains	 of	 other	 ZBTB18	 molecules,	 and	 possibly	 heterodimers	 with	 other	

ZBTB	 proteins	 via	 their	 BTB	 domains.	 The	 formation	 of	 homodimers	 has	 already	 been	

shown	 for	 other	 characterised	 BTB	 domains,	 suggesting	 that	 ZBTB18	 may	 also	 form	

homodimers	 via	 its	 BTB	 domain	 (Ahmad	 et	 al.,	 1998).	 The	 role	 of	 ZBTB18	 as	 a	 DNA-

binding	 transcriptional	 repressor	 is	 believed	 to	 be	 arbitrated	 by	 the	 four	 zinc	 fingers	

located	towards	the	C-terminus.	The	four	zinc	finger	motifs	of	ZBTB18	are	associated	with	

the	 capacity	 to	 bind	 DNA	 in	 a	 sequence-specific	manner.	 The	 relationship	 between	 the	

ZBTB18	 zinc	 finger	 region	 and	 DNA	 binding	 has	 been	 recognised	with	 genetic	 variants	

affecting	 the	 zinc	 finger	 encoding	 domain	 associated	with	 impacts	 on	 the	 DNA	 binding	

capacity	of	ZBTB18	(van	der	Schoot	et	al.,	2018;	Depienne	et	al.,	2017;	Cohen	et	al.,	2017;	

Farwell	et	al.,	2015:	de	Munnik	et	al.,	2014;	Rauch	et	al.,	2012).	The	direct	involvement	of	

these	zinc	finger	motifs	in	the	binding	of	ZBTB18	to	specific	segments	of	DNA	is	yet	to	be	

fully	determined	in	the	context	of	neurodevelopment.		
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Figure	2.6.2	-	Phylogenetic	tree	for	the	Human	ZBTB	protein	family.	

A	phylogenetic	 tree	was	generated	 for	 the	 longest	 transcripts	of	 all	 the	human	proteins	within	 the	ZBTB	protein	
family.	A	heat	map	of	protein	homology	percentage	or	each	family	member	to	ZBTB18	is	included,	with	red	=100%,	green	
=50%,	and	blue	=0%.	ZBTB18	is	highlighted	in	red	while	the	two	closest	proteins	to	ZBTB18	are	highlighted	in	green.		

A	larger	version	of	this	figure	has	been	included	in	Appendix	A.4.1	as	Supplementary	Figure	A.4.1.2.	

	

2.7 CONCLUSION	AND	FUTURE	DIRECTIONS		

The	 function	of	ZBTB18	during	normal	mammalian	brain	growth	has	been	 shown	

through	 the	use	of	ZBTB18	KO	mouse	models	and	 in	utero	 electroporation	experiments.	

However,	the	effect	of	variations	to	the	ZBTB18	protein	sequence	and	their	impact	on	the	

functionality	 of	 ZBTB18	needs	 to	be	 investigated	 to	determine	 the	 exact	 nature	of	 their	

impact	 on	 the	 structural	 and	 biological	 functions	 for	 ZBTB18	 within	 the	 developing	

mammalian	brain.	Through	the	identification	of	disease-associated	variants	in	ZBTB18	 in	

clinical	papers	(Landrum	et	al.,	2018;	van	der	Schoot	et	al.,	2018;	Depienne	et	al.,	2017),	it	

is	 suggested	 that	 changes	 to	 the	 amino	 acid	 sequence	 may	 impact	 on	 the	 function	 of	

ZBTB18	and	its	subsequent	role	during	neuronal	development.	However,	further	analysis	

of	 variants	 identified	 within	 individuals	 without	 severe	 paediatric	 disorders,	 from	

databases	such	as	the	recently	developed	gnomAD	(Karczewski	et	al.,	2019),	will	need	to	

be	 undertaken	 to	 determine	whether	 these	missense	 variants	 could	 also	 impact	 on	 the	

function	of	ZBTB18.	The	development	of	an	approach	to	identify	variants	likely	to	impact	

ZBTB18	 functionality	would	help	 to	determine	which	variants	are	anticipated	 to	 lead	 to	

the	progression	of	 later-onset	neurological	 disorder.	An	 investigation	 into	 the	 impact	 of	

genetic	variation	on	 the	role	of	ZBTB18	during	neuronal	development	and	human	brain	

disorders	is	undertaken	within	this	thesis.	
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The	work	within	this	chapter	was	published	in	the	peer-reviewed	American	Journal	

of	 Medical	 Genetics	 Part	 B:	 Neuropsychiatric	 Genetics.	 This	 chapter	 is	 presented	 as	 it	

appears	 in	 the	publication,	apart	 from	minor	changes	 for	consistency	with	previous	and	

subsequent	chapters,	and	the	addition	of	further	methods	in	section	3.3.2.	The	published	

version	is	presented	in	Appendix	A	subsection	A.1.1	(supplementary	information	in	A.1.2).	

	

3.1 PREAMBLE	

A	 review	of	 previous	 literature	has	 recognised	 a	 genotype-phenotype	 relationship	

between	1q43-44	copy	number	variations	(CNVs)	and	abnormal	brain	development.	Work	

undertaken	within	this	chapter	(Chapter	3)	aimed	to	refine	this	relationship	by	conducting	

a	meta-analysis	of	all	 reported	1q43-44	CNVs	within	 the	 literature.	This	work	 facilitated	

the	 interpretation	of	 the	diagnosis	 for	 the	 first	Australian	 individual	 reported	with	 a	de	

novo	 complex	 1q43-q44	 CNV,	 developmental	 abnormalities,	 and	 significant	 neurological	

impairment.	The	 individual	was	only	the	second	reported	case	of	a	deletion	of	 this	kind.	

From	the	meta-analysis,	 the	 individual	was	 found	to	have	neurological	 impairments	and	

associated	 phenotypes	 consistent	 with	 1qter	 deletion	 syndrome.	 The	 literature	 survey	

supported	 an	 association	 between	 1q43-q44	deletions	 and	 microcephaly,	 as	 well	 as	 an	

association	 between	 1q43-q44	 duplications	 and	 macrocephaly.	 Moreover,	 the	 analysis	

identifies	 a	 novel	 phenotype	 of	 postnatal	 brain	 growth	 stagnation	 in	 individuals	 with	

distal	1q	CNVs	and	provides	support	 for	 the	speculation	 that	genes	within	 the	1q43-q44	

region	are	not	just	important	for	prenatal	development,	but	are	also	relevant	for	postnatal	

nervous	 system	 development.	 These	 results	 reinforce	 the	 historical	 definition	 of	 1qter	

deletion	 syndrome.	 The	 results	 also	 reinforce	 the	 notion	 that	 haploinsufficiency	 arising	

from	distal	1q	CNVs	directly	contributes	to	the	clinical	presentation	of	the	syndrome.	This	

chapter	highlighted	the	need	for	further	 investigation	into	both	the	cellular	function	and	

impact	 of	 genetic	 variation	 for	 individual	 genes	 within	 the	 1q43-44	 region,	

including	ZBTB18.		

	

3	
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3.2 INTRODUCTION	

Chromosome	anomalies	at	 the	distal	end	of	chromosome	1q	 (1qter)	encompassing	

1q43-q44	are	 associated	with	 a	 variety	 of	 developmental	 abnormalities	 in	 children.	 The	

first	 known	 case	 was	 reported	 in	 1976	 by	 Mankinen	 and	 colleagues	 (Mankinen	 et	 al.,	

1976)	 who	 employed	 C-banding	 to	 describe	 a	 1q	 deletion	 in	 a	 3-year-old	 girl	 with	

microcephaly	 and	 seizures.	 Yunis	 and	 colleagues	 (Yunis	 et	al.,	 1977)	 reported	 the	 first	

recognized	case	of	a	1qter	duplication	in	1977	through	the	application	of	G-banding,	and	a	

number	 of	 recognized	 1qter	 duplication	 cases	 followed	 in	 the	 same	 year.	 Such	 1qter	

chromosomal	 duplications	 and	 their	 accompanying	 range	 of	 clinical	 features	 were	 first	

proposed	 as	 a	 syndrome	 in	 1979	 by	 Liberfarb	 and	 colleagues	 (Liberfarb	 et	 al.,	 1979),	

although	 their	 analysis	 was	 limited	 by	 the	 relatively	 small	 number	 of	 available	 cases,	

which	had	substantial	clinical	heterogeneity.	Soon	after	in	1981,	1qter	deletion	cases	were	

also	proposed	as	a	clinical	syndrome	by	 Juberg	and	colleagues	(Juberg	et	al.,	1981)	with	

core	clinical	 features	of	microcephaly,	 seizures,	 cognitive	 impairment,	micrognathia,	and	

cardiac	 defects.	 A	 subsequent	 report	 by	 Roberts	 and	 colleagues	 (Roberts	 et	 al.,	 2004)	

refined	the	phenotype	with	the	inclusion	of	psychomotor	delay,	growth	delay,	and	specific	

facial	dysmorphisms.	

	

From	the	 literature	 it	 is	clear	 that	Copy	Number	Variations	(CNVs)	comprising	the	

distal	1q	region	1q43-q44	are	associated	with	neurological	 impairments,	structural	brain	

disorder,	and	intellectual	disability.	The	recent	emergence	of	genomic	microarray	analysis	

as	 a	 first-line	 screen	 for	 chromosomal	 imbalances	 has	 improved	 the	 precision	 of	

characterized	CNV	breakpoints.	In	the	case	of	CNVs	comprising	distal	1q	(which	we	define	

in	 our	 study	 as	 interstitial	 CNVs	 comprising	1q43-q44,	 as	well	 as	 terminal,	1qter	 CNVs),	

there	 are	 at	 least	 112	 cases	 of	 deletions	 and	 47	 cases	 of	 duplications	 reported	 in	 the	

literature.	 There	 is	 growing	 evidence	 that	 the	 clinical	 heterogeneity	 in	 1qter	 deletion	

syndrome	 correlates	 with	 constituent	 genes	 within	 the	 varying	 regions	 of	 distal	 1q	

hemizygous	loss,	particularly	in	the	region	of	1q43-q44	(Nagamani	et	al.,	2012;	van	Bon	et	

al.,	2008;	Boland	et	al.,	2007).	In	contrast,	significant	variability	in	clinical	presentation	is	

an	ongoing	feature	among	the	relatively	few	cases	of	distal	1q	duplications	that	have	been	

reported.	

	

Here,	 we	 describe	 a	 patient	 with	 an	 extremely	 rare,	 de	novo	 case	 of	 a	 1q43-q44	

deletion	with	an	adjacent	duplication,	who	has	severe	seizures,	microcephaly,	agenesis	of	

the	 corpus	 callosum,	 and	pachygyria,	 a	 neuronal	migration	 disorder.	We	 also	 conduct	 a	
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literature	 survey	 on	 the	 incidence	 of	 distal	 1q	 CNVs	 in	 cases	 of	 microcephaly	 and	

macrocephaly,	 as	 well	 as	 corpus	 callosum	 abnormalities	 and	 seizure	 phenotypes.	 The	

literature	survey	allowed	us	to	find	that	our	patient	is	only	the	second	case	of	such	a	1q43-

q44	CNV	ever	to	be	described.	Finally,	we	relate	our	findings	to	previous	reports	with	our	

data	supporting	an	association	between	1q43-q44	deletions	and	microcephaly,	as	well	as	

an	association	between	1q43-q44	duplications	and	macrocephaly.	In	addition,	we	compare	

and	contrast	our	findings	with	previous	studies	reporting	on	critical	1q43-q44	regions	and	

their	 constituent	 genes	 associated	 with	 seizures,	 microcephaly,	 and	 corpus	 callosum	

abnormalities	 (Ballif	 et	 al.,	 2012;	 Nagamani	 et	 al.,	 2012).	 Taken	 together,	 our	 study	

reinforces	the	association	between	1q43-q44	CNVs	and	brain	disorder.	

	

3.3 MATERIALS	AND	METHODS	

3.3.1 CLINICAL	ANALYSIS	

Parents	 of	 the	 patient	 provided	 informed	 consent	 for	 this	 study.	 Consent	

information	is	provided	in	Appendix	B.1.	Patient	Magnetic	Resonance	Imaging	(MRI)	data	

were	created	using	a	Siemens	Sonata	1.5	tesla	scanner.	Microarray	was	performed	using	

an	 Infinium®	 HumanCytoSNP-12	 BeadChip	 assay	 according	 to	 manufacturer's	

instructions	 (Illumina,	 San	 Diego,	 CA).	 BeadChips	 were	 scanned	 with	 iScan,	 with	 data	

generated	 through	GenomeStudio	 (Illumina).	Analysis	was	carried	out	with	KaryoStudio	

(v4.1),	 and	 only	 CNVs	 containing	 RefSeq	 genes	 were	 interrogated.	 Results	 from	

microarray	analysis	were	verified	by	subsequent	FISH	analysis	(data	not	shown).		

	

3.3.2 SYSTEMATIC	REVIEW	AND	META-ANALYSIS	OF	DISTAL	1Q	CNV	CASES	

Summaries	of	the	159	reported	1q43-q44	CNV	cases	and	their	details	were	prepared	

from	published	reports.	Mapping	of	the	159	reported	CNVs	was	done	through	the	use	of	

the	UCSC	human	genome	browser	(Kent	et	al.,	2002).	Information	was	sourced	through	the	

electronic	database	PubMed	(http://www.ncbi.nlm.nih.gov/pubmed),	with	the	last	search	

conducted	in	July	2015.	The	CNV	for	each	patient	is	represented	as	a	summary	alignment	

alongside	a	detailed	diagrammatic	of	1q43-q44.	The	 specified	 track	of	 each	case	used	 to	

determine	 the	 CNV	 location.	 In	 cases	where	 a	 track	was	 not	 specified,	 the	most	 recent	

track	before	the	point	of	publication	was	used	(probe	locations	were	used,	when	available,	

to	 refine	 any	 region	of	 uncertainty,	which	was	 also	mapped)	 (Supplementary	Figure	1).	

The	clinical	information	provided	for	each	case	was	summarised	and	formatted	to	simplify	

comparison	 of	 genotype-phenotype	 relationships	 (Supplementary	 Table	 2).	 A	 full	

description	 of	 clinical	 traits	 in	 individuals	 harbouring	 1q43-q44	 CNVs	 is	 presented	 in	
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alphabetical	order.	Cases	are	only	included	in	the	study	if	the	subject	harbours	a	1q43-q44	

CNV.	 The	 frequency	 of	 1qter	 CNV	 cases	 without	 accompanying	 genomic	 abnormalities	

(defined	 as	 “pure”	 deletions	 and	 duplications)	was	 investigated,	 as	well	 as	 cases	which	

accompany	 other	 genomic	 abnormalities,	 including	 point	 mutations,	 inversions,	

unbalanced	 translocations,	 and	 additional	 accompanying	 CNVs	 (defined	 as	 “complex”	

deletions	and	duplications)	(Table	1).	Given	the	neurological	impairments	reported	in	our	

1qter	 patient,	 we	 analysed	 the	 frequency	 of	 intellectual	 disability	 (also	 referred	 to	 as	

mental	 retardation),	microcephaly,	 corpus	 callosum	malformation,	 and	 the	 incidence	 of	

seizures	in	relation	to	deletions	and	duplications	(Table	2).	Confidence	measures	for	distal	

1q	CNVs	and	clinical	traits	were	evaluated	using	the	Binomial	Exact	method.	Microcephaly	

was	noted	 in	most	cases	and	analysed	as	 follows.	Occipital	Frontal	Circumference	(OFC)	

measurements	were	 standardized	 to	 charts	 reported	 by	 the	World	Health	 Organization	

child	growth	standards	(World	Health	Organization,	2009)	so	as	to	enable	a	synthesis	of	

results	 from	 all	 cases,	 and	 to	 account	 for	 differences	 due	 to	 age	 and	 gender.	 Next,	 we	

analysed	cases	of	pure	1q43-44	deletions	with	accompany	microcephaly	(defined	here	as	a	

subject	 with	 an	 occipital	 frontal	 circumference	 (OFC)	 measurement	 between	 -2	 to	 -7	

standard	 deviations	 from	 the	mean)	 to	 identify	 frequently	 deleted	 regions	 (Figure	 2A).	

Within	this	cohort,	we	also	standardised	(via	the	World	Health	Organisation	child	growth	

standards	 charts)	 and	 plotted	 available	 longitudinal	 OFC	 data	 and	 investigated	 the	

severity	of	microcephaly	over	time.	This	approach	represents	a	systematic	way	to	plot	and	

analyse	 the	variable	 interpretations	of	measurements	 together,	 including	measurements	

taken	from	different	ages	and	genders	(Figure	2B).	

	

Following	the	previous	analyses,	we	sought	evidence	for	the	expression	of	1q43-44	

genes	 (Hg19:chr1:236600001-249250621)	 in	 the	 nervous	 system,	 using	 the	 recently	

published	FANTOM5	dataset	(an	initiative	aimed	towards	the	functional	annotation	of	the	

mammalian	 genome	 (Consortium	 et	al.,	 2014)).	 This	 large	 genome	wide	 survey	 utilised	

Cap	Analysis	 of	Gene	Expression	 (CAGE)	 to	 examine	promoter	use	 and	 gene	 expression	

across	 a	 large	 collection	 of	 human	 and	 mouse	 primary	 cells,	 tissues	 and	 cell	 lines.	 Of	

particular	relevance	to	the	present	study	was	the	coverage	of	over	20	distinct	adult	human	

brain	regions,	isolated	neurons	and	astrocytes	and	a	further	5	fetal	human	brain	regions	in	

FANTOM5	(Consortium	et	al.,	2014).	From	the	available	data	we	examined	CAGE-defined	

promoters	 within	 the	 1q43-44	 region,	 and	 their	 determined	 enrichment	 within	 brain	

samples	 (Sample	 Ontology	 Enrichment	 Analysis	 (Consortium	 et	 al.,	 2014)).	We	 also	

investigated	 the	 enrichment	 of	 promoters	 within	 samples	 annotated	 with	 the	 UBERON	

(Mungall	 et	 al.,	 2012)	 anatomical	 term	 ‘nervous	 system’.	 The	 first	 CAGE	 identified	

promoters	 (p1)	 are	 define	 as	 the	 CAGE	 analysis	 peak	with	 the	 highest	 number	 of	 read	
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counts	in	all	of	the	FANTOM5	CAGE	profiles	associated	with	that	gene.	We	used	P1	for	the	

analysis	 of	 all	 the	 genes	 identified	 within	 the	 1q43-44	 region.	 P1	 p-values	 provide	 a	

measure	 of	 gene	 enrichment	 for	 each	 expression	 term	 (“brain”	 or	 “nervous	 system”)	

(Figure	 3A).	 Three	 examples	 of	 FANTOM5	 promoters	 with	 enriched	 ‘nervous	 system’	
samples	are	shown	in	Figure	3B.		

	

3.4 RESULTS	

3.4.1 A	CASE	OF	A	DE	NOVO	COMPLEX	1Q43-Q44	CNV	IN	A	BOY	WITH	SEIZURES	
AND	STRUCTURAL	BRAIN	ABNORMALITIES	

We	report	 the	case	of	a	14-year-old	Australian	boy	with	a	severe	seizure	disorder	

associated	 with	 spastic	 quadriplegic	 cerebral	 palsy	 and	 structural	 brain	 anomalies	

indicative	of	a	neuronal	migration	disorder.	At	birth	he	was	noted	to	have	prenatal-onset	

microcephaly	 (head	 circumference	 29 cm	 at	 36	 weeks	 gestation)	 associated	 with	

hypotonia.	Medical	management	issues	included	early	onset	feeding	difficulties	and	severe	

gastro-oesophageal	 reflux/recurrent	 pulmonary	 aspiration;	 and	 severe,	 early	 onset,	

intractable	seizures,	which	initially	presented	as	recurrent	apnoeic	spells	from	2	months	

of	 age.	 Reasonable	 seizure	 control	 was	 eventually	 established	 by	 a	 combination	 of	

numerous	antiepileptic	medications	and	a	ketogenic	diet.	 Signs	of	 spastic	quadraparesis	

emerged	 over	 time,	 but	 with	 muscle	 tone	 that	 remains	 predominantly	 hypotonic.	

Neuroimaging	(MRI)	at	18	months,	and	then	again	at	12	years,	showed	changes	indicative	

of	a	neuronal	migration	disorder	associated	with	partial	agenesis	of	the	corpus	callosum	

(Figure	 3.4.1A-D).	 Some	 dysmorphic	 features	 are	 evident	 including	 forehead	

protuberance;	 down-sloping	 palpebral	 fissures;	 long,	 narrow,	 normally	 set	 ears;	

elongation	 and	 upturning	 of	 the	 nasal	 tip	 with	 associated	 nasal	 bridge	 flattening;	 thin	

philtrum;	a	small,	carp-shaped	mouth	with	lateral	upturning	at	the	angles	of	the	mouth;	a	

bifid	 uvula	 and	 associated	 submucous	 cleft	 palate;	 micrognathia;	 retrognathia,	 and	

bilateral	inguinal	hernias.	Secondary	medical	complications	have	included	development	of	

a	mild	thoracolumbar	scoliosis	and	bilateral	hip	dislocations	managed	with	de-rotational	

osteotomies.	 Microarray	 analysis	 identified	 a	 1q43-q44	 deletion	 approximately	 8 Mb	 in	

size	 and	 an	 adjacent	 smaller	 duplication	 approximately	 2.4 Mb	 in	 size	 which	 results	 in	

altered	 dosages	 of	 constituent	 genes,	 including	 ZBTB18	 (or	 ZNF238),	 AKT3,	 COX20	 (or	

FAM36A),	 and	 HNRNPU	 (Figure	 3.4.1E-F).	 Microarray	 analysis	 of	 parental	 samples	

demonstrated	 that	 the	 1q43-q44	 CNVs	 in	 our	 patient	 occurred	 de	 novo,	 and	 with	 no	

evidence	of	any	balanced	rearrangement	on	subsequent	FISH	analysis	(data	not	shown).	
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Figure	3.4.1-	A	child	with	structural	brain	abnormalities	and	a	1q43-q44	CNV.		
(A	and	B)	Axial	 and	 coronal	T1	weighted	 images	demonstrate	microcephaly	with	 frontotemporal	pachygyria	 and	

associated	 cerebral	 cortical	 thickening	 and	 reduced	white	matter	 volume.	 The	 septum	 pellucidum	 is	 absent.	 (C)	Marked	
commissural	agenesis	is	displayed	in	the	T2	weighted	sagittal	midline	image,	in	particular	a	small	anterior	commissure	and	
absence	of	the	posterior	commissure.	(D)	A	large	retrocerebellar	cyst	with	upward	displacement	of	the	cerebellar	vermis	is	
evident.	 There	 were	 no	 features	 of	 hydrocephalus.	 (E	 and	 F)	 We	 identified	 an	 ~8 Mb	 deletion	 at	 1q43-q44	 (hg19	
241,183,190–249,202,755)	 in	 association	 with	 an	 adjacent	 smaller	 ~2.4 Mb	 duplication	 CNV	 (hg19	 238,741,253–
241,176,871).	Low	magnification	 images	 showing	 results	of	Chromosome	1	 screening	 to	 identify	 the	distal	1q	CNV	 (E).	A	
summary	of	the	distal	1q	CNV	comprising	a	duplication	(green	bar)	and	deletion	(orange	bar),	and	the	affected	genes	(F).	
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3.4.2 CLASSIFICATION,	FREQUENCIES,	AND	INHERITANCE	OF	1Q43-Q44	CNVS	

We	compiled	data	from	159	other	cases	of	1q43-q44	CNVs	together	with	our	index	

patient	 (see	 Supplementary	 Figure	 A.1.2.1	 and	 Supplementary	 Table	 A.1.2.1).	 We	

examined	 the	 frequency	 of	 1q43-q44	 CNV	 cases	 without	 accompanying	 genomic	

abnormalities	 (termed	 “pure”	 deletions	 and	 duplications),	 as	 well	 as	 cases	 which	

accompany	other	genomic	abnormalities,	 including	point	mutations	detected	beyond	the	

reported	 distal	 1q	 CNV,	 inversions,	 unbalanced	 translocations	 as	 well	 as	 accompanying	

CNVs	 (termed	 “complex”	 deletions	 and	 duplications)	 (Table	 4.4.1.).	 Through	 this	

approach,	 our	 patient	 is	 identified	 as	 a	 case	 of	 complex	 distal	1q	 CNV.	Remarkably,	 our	

patient	is	only	the	second	ever	reported	case	of	a	1q43-q44	deletion	with	an	adjacent	1q43	

duplication,	with	 the	 first	 reported	by	de	Brasi	 et	 al.	 (De	Brasi	et	al.,	 2001)	 (denoted	as	

“BR”	in	Supplementary	Figure	A.1.2.1).	

	

We	examined	the	frequency	of	1q43-q44	deletions	versus	duplications.	We	found	an	

apparent	bias	toward	1q43-q44	deletions	(70.4%	[112/159])	versus	duplications	(29.6%	

[47/159]).	In	the	case	of	1q43-q44	deletions,	we	found	that	the	majority	(75.9%	[85/112])	

involved	 pure	 deletions	while	 24.1%	 (27/112)	 of	 cases	were	 complex,	with	 individuals	

harbouring	 multiple	 gains,	 losses	 as	 well	 as	 complex	 rearrangements	 (Table	 4.4.1.).	 In	

addition,	we	found	that	the	majority	of	pure	1q43-q44	deletions	(68.2%	[58/85])	occurred	

de	 novo,	 while	 only	 8.2%	 (7/85)	 were	 inherited.	 The	 inheritance	 pattern	 for	 23.6%	

(20/85)	 of	 pure	 1q43-q44	deletion	 cases	 could	 not	 be	 determined	 due	 to	 the	 lack	 of	

parental	 data.	 In	 the	 case	 of	 complex	 deletions,	 66.7%	 (18/27)	 were	 inherited,	 while	

29.6%	 (8/27)	 were	 de	 novo	 (including	 our	 patient).	 Furthermore,	 inherited	 complex	

deletions	appear	mostly	to	be	of	maternal	origin	(88.9%	[16/18]).	The	inheritance	pattern	

for	 the	 remaining	 3.7%	 (1/27)	 of	 complex	 deletions	 could	 not	 be	 determined	 due	 to	

insufficient	 parental	 data.	 These	 findings	 indicate	 that	 pure	 1q43-q44	 deletions	 occur	

largely	 de	novo,	 while	 complex	 deletions,	 although	 rare	 in	 occurrence,	 appear	 to	 show	

maternal	inheritance.	

	

In	 cases	 of	 1q43-q44	 gains,	 we	 found	 that	 8.5%	 (4/47)	 of	 cases	 harboured	 pure	

duplications	while	the	majority	of	cases	(91.5%	[43/47])	were	complex.	Interestingly,	all	

four	cases	of	pure	1q43-q44	duplication	were	de	novo.	In	cases	of	complex	duplications,	we	

observed	 that	 72.1%	 (31/43)	 were	 inherited,	 and	 largely	 of	 maternal	 origin	 (74.2%	

[23/31]);	while	only	25.6%	(11/43)	were	detected	de	novo.	The	inheritance	patterns	for	

2.3%	 (1/43)	 of	 cases	 could	 not	 to	 be	 determined	 due	 to	 insufficient	 parental	 data.	 It	 is	

interesting	 to	 note	 that	 all	 inherited	 complex	 cases	 occurred	 within	 family	 pedigrees	
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containing	phenotypically	normal	carriers	of	balanced	 translocations.	Thus,	we	 find	 that	

1q43-q44	 duplications	 are	 of	 a	 complex	 nature,	 and	 predominantly	 of	 maternal	 origin.	

Together,	 these	 data	 indicate	 that	 the	 incidence	 of	 de	 novo	 1q43-q44	 deletion	 with	

accompanying	1q43	duplication	observed	in	our	patient	is	rare.	However,	 it	 is	important	

to	 recognize	 that	 the	 variability	 in	 clinical	 diagnosis	 between	 reported	 cases	 (see	

Supplementary	 Table	 A.1.2.1	 for	 details)	 and	 publication	 bias	 present	 as	 confounding	

factors,	which	affect	the	accuracy	of	our	findings.	

	

TABLE	 3.4.1	 -	 SUMMARY	 OF	 DISTAL	 1Q	 CNV	 CASES	 COMPRISING	 1Q43-Q44	 AND	 THEIR	 PATTERNS	 OF	
INHERITANCE.	

The	frequency	of	1q43-q44	CNVs	within	each	category	are	given	as	percentages	of	the	previous	category,	with	the	
number	of	individuals	within	each	group	indicated	within	the	brackets.	Cases	without	accompanying	genomic	abnormalities	
are	termed	“pure”,	while	cases	with	accompanying	genomic	abnormalities	are	termed	“complex”.	

	

3.4.3 1Q43-Q44	CNVS	ARE	ASSOCIATED	WITH	NEUROLOGICAL	IMPAIRMENT	

	Previous	studies	have	reported	that	1q43-q44	CNVs	are	associated	with	intellectual	

disability	 (also	 referred	 to	 as	 mental	 retardation),	 microcephaly	 and	 corpus	 callosum	

abnormalities	(Perlman	et	al.,	2013;	Nagamani	et	al.,	2012;	Caliebe	et	al.,	2010;	van	Bon	et	

al.,	2008;	Boland	et	al.,	2007).	Given	such	neurological	impairments	in	our	patient	(Figure	

3.4.1A-D	and	Supplementary	Table	A.1.2.1),	we	investigated	the	association	of	these	traits	

with	1q43-q44	CNVs.	As	shown	in	Table	3.4.2,	while	we	 found	that	 intellectual	disability	

was	 associated	 with	 both	 1q43-q44	 deletions	 and	 duplications,	 we	 identified	 a	 striking	

association	 between	 1q43-q44	 deletions	 and	 microcephaly	 (76/95	 cases,	 80.0%	 (95%	

confidence	 interval	 [CI] = 70.5–87.5%))	 as	 well	 as	 an	 association	 between	 1q43-q44	

duplications	and	macrocephaly	(14/35	cases,	40.0%	[95%	CI = 	23.9–57.9%]).	In	addition,	

we	observed	strong	associations	between	1q43-44	deletions	and	the	frequency	of	corpus	

callosum	abnormalities	(65/95	[68.4%]	deletions	as	opposed	to	1/10	[10%]	duplications),	

and	seizures	(71/99	[71.7%]	deletions	as	opposed	to	11/27	[40.7%]	duplications)	(Table	

3.4.2).	However,	 it	 is	noteworthy	that	the	majority	of	1q43-q44	deletion	cases	were	pure	

deletions,	 while	 the	 majority	 of	 1q43-q44	 duplications	 were	 complex	 duplications.	

Nevertheless,	 given	 these	 associations,	 we	 find	 that	 our	 patient	 harbours	 neurological	

impairments	consistent	with	1q43-q44	deletion	rather	than	duplication.	

COPY	NUMBER	VARIATION	IN	THE	LONG	ARM	OF	CHROMOSOME	1	(1Q)	(159	CASES)	

Deletions		
70.4%	(112)	

Duplications		
29.6%	(47)	

Pure		
75.9%	(85)	

Complex		
24.1%	(27)	

Pure	
	8.5%	(4)	

Complex		
91.5%	(43)	

Inherited		
8.2%	
(7)	

Unknown	
23.6%		
(20)	

De	novo	
68.2%		
(58)	

Inherited		
66.7%	
	(18)	

Unknown	
3.7%		
(1)	

De	novo	
29.6%		
(8)	

Inherited		
0%		
(0)	

Unknown		
0%		
(0)	

De	novo	
100%	
(4)	

Inherited		
72.1%		
(31)	

Unknown	
2.3%		
(1)	

De	novo	
25.6%	
(11)	

M	
42.9%	
(3)	

P		
57.1%	
(4)	

						 	
M	

88.9%	
(16)	

P		
11.1%	
(2)	

	
M		
0%	
(0)	

P		
0%	
(0)	

	
M	

74.2%	
(23)	

P		
25.8%	
(8)	
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3.4.4 REINFORCING	 THE	 ASSOCIATION	 BETWEEN	 1Q43-Q44	 GENES	 AND	
MICROCEPHALY,	CORPUS	CALLOSUM	ABNORMALITIES,	AND	SEIZURES	

Ballif	 and	 colleagues	 (Ballif	 et	al.,	 2012)	 reported	 associations	 between	AKT3	 and	

microcephaly,	 ZBTB18	 and	 corpus	 callosum	 abnormalities,	 as	 well	 as	 a	 critical	 region	

comprising	COX20,	DESI2	(also	known	as	C1ORF121),	and	HNRNPU	associated	with	seizure	

phenotypes.	 Further	 studies	 identified	 genetic	 mutations	 of	 HNRNPU	 associated	 with	

epileptic	encephalopathy	and	intellectual	disability	(Hamdan	et	al.,	2014;	Epi	et	al.,	2013),	

thereby	 recognizing	 this	 gene	 as	 the	 likely	 causative	 factor	 within	 the	

COX20/DESI2/HNRNPU	critical	region.	We	took	advantage	of	our	large	collection	of	pure	

1q43-q44	 microdeletion	 cases	 (Supplementary	 Figure	 A.1.2.1	 and	 Supplementary	 Table	

A.1.2.1)	to	refine	these	previously	reported	genotype–phenotype	associations.	We	found	a	

strong	association	between	microcephaly	and	deletions	of	AKT3	(84.1%,	53/63	cases),	as	

well	as	a	strong	association	between	corpus	callosum	abnormalities	and	ZBTB18	deletions	

(83.7%,	41/49	cases).	Deletions	of	HNRNPU	were	also	identified	to	be	the	most	prevalent	

in	 cases	 of	 reported	 seizure	 phenotypes	 (88.7%,	 47/53	 cases).	 Thus,	 our	 findings	 are	

supportive	of	genotype–phenotype	associations	reported	by	Ballif	and	colleagues	(Ballif	et	

al.,	2012).	

	

TABLE	3.4.2	-	SUMMARY	OF	DISTAL	1Q	CNV	CASES	COMPRISING	1Q43-Q44,	AND	THEIR	ASSOCIATION	WITH	

NEUROLOGICAL	ABNORMALITIES.	

						
INTELLECTUAL	
DISABILITY	
(MENTAL	

RETARDATION)	

MICROCEPHALY	 MACROCEPHALY	 CORPUS	CALLOSUM	
ABNORMALITIES	

SEIZURES	

DISTAL	1Q	
PURE	DELETION	

53/59	(26	NA)	
(89.8%)	

63/77	(8	NA)	
(81.8%)	

1/77	(8	NA)	
(1.3%)	

49/70	(11	NA)	
(70.0%)	

53/76	(8	NA,	
1EEG)	(69.7%)	

DISTAL	1Q	
COMPLEX	
DELETION	

18/20	(7	NA)	
(90.0%)	

13/18	(9	NA)	
(72.2%)	

0/18	(9	NA)	
(0.0%)	

16/25	(2	NA)	
(64.0%)	

18/23	(4	NA)	
(78.3%)	

DISTAL	1Q	
DELETION	CASES	

(TOTAL)	

71/79	(89.9%)	
(95%	CI	81.0-95.5)	

76/95	(80.0%)	
(95%	CI	70.5–87.5)	

1/95	(1.1%)	
(95%	CI	0.0–5.7)	

65/95	(68.4%)	
(95%	CI	58.1–77.6)	

71/99	(71.7%)	
(95%	CI	61.8–80.3)	

DISTAL	1Q	
PURE	

DUPLICATION	

3/3	(1	NA)	
(100%)	

2/4	(0	NA)	
(50.0%)	

0/4	(0	NA)	
(0.0%)	 0/0	(4	NA)	(0.0%)	 1/3	(1	NA)	

(33.3%)	

DISTAL	1Q	
COMPLEX	

DUPLICATION	

32/34	(9	NA)	
(94.1%)	

7/31	(12	NA)	
(25.0%)	

14/31	(12	NA)	
(46.9%)	

1/10	(33	NA)	
(10.0%)	

10/24	(19	NA)	
(44.0%)	

DISTAL	1Q	
DUPLICATION	
CASES	(TOTAL)	

35/37	(94.6%)	
(95%	CI	81.8–99.3)	

9/35	(25.7%)	
(95%	CI	12.5–43.3)	

14/35	(40.0%)	
(95%	CI	23.9–57.9)	

1/10	(10%)	
(95%	CI	0.3–44.5)	

11/27	(40.7%)	
(95%	CI	22.4–61.2)	

	 	 	 	 	 	

The	numbers	and	proportions	of	cases	relative	to	the	nature	of	distal	1q	CNVs	comprising	1q43-q44	are	presented.	
“NA”	represents	cases	in	which	data	were	not	available	in	each	respective	category.	In	the	case	of	seizures	associated	with	
pure	 distal	 1q	 deletions,	 nine	 cases	 were	 excluded	 consisting	 of	 eight	 “NA”	 entries	 together	 with	 an	 individual	 (MV2)	
reporting	with	an	abnormal	EEG	but	no	report	of	seizures	in	the	patient.	
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We	performed	an	additional	study	to	refine	the	association	between	pure	1q43-q44	

deletions	 and	 microcephaly	 (defined	 here	 as	 a	 subject	 with	 an	 occipital	 frontal	

circumference	 [OFC]	 measurement	 between	 −2	 and	 −7	 standard	 deviations	 from	 the	

mean)	 to	 identify	regions	 frequently	deleted	(Figure	3.4.2A).	The	majority	of	pure	1q43-

q44	 deletions	 encompass	 an	 interstitial	 region	 comprising	 PLD5,	CEP170	 and	 SDCCAG8,	

AKT3	 and	 ZBTB18	 (94.3%,	 50/53	 cases,	 see	 Figure	 3.4.2A).	 In	 addition,	 we	 plotted	

available	 longitudinal	 OFC	 data,	 which	 demonstrated	 that	 the	 severity	 of	 microcephaly	

(normalized	 across	 cases	 as	 standard	 deviations	 from	 the	 mean	 head	 circumference)	

appeared	 to	 increase	with	 age	 (Figure	 3.4.2B,	 90.0%,	 18/20	 cases),	 thereby	 suggesting	

deficiencies	 in	 postnatal	 brain	 development.	 We	 believe	 that	 this	 previously	 under-

emphasized	phenotypic	attribute	draws	a	link	between	alterations	in	1q43-q44	CNVs	and	

possible	deleterious	effects	on	postnatal	brain	growth,	cell	viability	and	formation	of	the	

neuropil.	 However,	 not	 all	 reported	 variants	 of	 these	 aforementioned	 genes	 (such	 as	

ZBTB18)	 are	 detected	 above	 genome-wide	 significance,	 and	 so	 it	 is	 uncertain	 if	 their	

variants	represent	causative	loci	or	background	variation.		

	

	

Figure	 3.4.2	 -	 Diagrammatic	 summary	 of	 subjects	 with	 pure	 distal	 1q	 deletions	 plotted	
against	head	circumference.		

(A)	 The	 red	 bars	 represent	 individual	 cases	 and	 their	 deleted	 distal	 1q	 region.	 Hatched	 regions	 (indicated	with	
diagonal	 lines)	 account	 for	 imprecision	 in	 the	 defined	 CNV	 resulting	 from	 limitations	 in	 the	 diagnostic	 approach	 to	 its	
detection.	Each	patient	is	identified	with	an	abbreviation	(see	Supplementary	Table	A.1.2.1	for	details).	Head	circumference	
measurements	were	standardised	against	the	World	Health	Organisation	child	growth	standards	(Group,	2009),	and	plotted	
with	increasing	severity	(SD	−2	to	−7).	Loss	of	an	interstitial	region	of	1q43-q44	flanked	by	protein-coding	genes	PLD5	and	
ZBTB18	is	implicated	in	50	out	of	53	cases	(94.3%)	of	pure	distal	1q	deletions	with	accompanying	microcephaly.	Deletions	
involving	 AKT3	 occurred	 in	 90.6%	 (48/53)	 of	 cases;	 deletions	 involving	 ZBTB18	 occurred	 in	 83.0%	 (44/53);	 deletions	
involving	LOC339529	occurred	in	75.5%	(45/53)	of	cases;	deletions	involving	SDCCG8	occurred	in	75.5%	(40/53)	of	cases;	
deletions	 involving	PLD5	occurred	 in	52.8%	(28/53)	of	cases;	and	deletions	 involving	CEP170	occurred	64.5%	(34/53)	of	
cases.	(B)	 In	cases	of	pure	distal	1q	deletions	where	 longitudinal	data	 for	OFCs	were	available,	90.0%	(18/20)	of	subjects	
showed	a	reduction	in	head	circumference,	represented	as	downward	trends.	

Figure 2 
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Figure	3.4.3	-	Identification	of	neuronal	genes	within	1q43-q44.		
(A)	Analysis	of	1q43-q44	 genes	 (Hg19:chr1:236600001-249250621)	utilising	promoter	UBERON	sample	ontology	

enrichments	 for	 each	 of	 the	 first	 promoters	 (p1@	 for	 each	 of	 the	 genes)	 identified	within	 FANTOM5	 [Consortium	 et	al.,	
2014].	Of	the	661	CAGE	defined	promoters	within	1q43-q44,	141	promoters	showed	significant	enrichment	for	expression	in	
“brain”	 related	 samples	 (Sample	Ontology	Enrichment	Analysis	 [Consortium	et	al.,	 2014]).	Genes	enriched	 in	 the	nervous	
system	 (highlighted	 in	 red)	 are	 identified	 by	 the	UBERON	 [Mungall	et	al.,	 2012]	 anatomical	 term	 “nervous	 system,”	with	
Haploinsufficiency	 Index	 (%HI)	scores	provided	as	an	 indication	of	 the	potential	deleterious	effect	of	 candidate	gene	 loss	
[Huang	et	al.,	2010].	(B)	Three	examples	of	promoters	showing	enriched	expression	in	the	samples	annotated	as	“nervous	
system”	 in	 the	FANTOM5	dataset.	Top	30	samples	showing	highest	 levels	of	expression	of	RYR2,	AKT3	and	ZBTB18	(also	
known	as	ZNF238).	Red	bars	correspond	to	“nervous	system”	samples,	light	blue	bars	show	“cardiac”	samples,	while	bars	in	
black	represent	neither	classification.	We	note	that	cardiac	associated	transcripts	ACTN2	and	RYR2	are	also	enriched	within	
the	nervous	system,	suggesting	that	these	genes	are	likely	important	for	neural	development	and	homeostasis,	as	reported	
[Dunah	et	al.,	2000;	Mori	et	al.,	2000;	Laing	and	Nowak	2005;	Lu	et	al.,	2009].		

	

We	investigated	the	functions	of	1q43-q44	genes	in	the	brain,	including	those	within	

our	critical	region	 for	microcephaly.	We	surveyed	the	gene	expression	data	collection	of	

FANTOM5	 (Consortium	 et	 al.,	 2014)	 and	 identified	 numerous	 candidates	 which	 were	

enriched	 in	 the	nervous	 system,	 including	brain	 tissues	 (Figure	3.4.3A-B).	 In	 the	 case	of	

PLD5,	 CEP170	 and	 SDCCAG8,	 AKT3,	 ZBTB18,	 and	 HNRNPU,	 their	 haploinsufficiency	 is	

predicted	to	be	deleterious,	with	 the	most	severe	Haploinsufficiency	 Index	(%HI)	scores	

noted	 for	AKT3,	 ZNF238,	 and	HNRNPU	(Huang	 et	al.,	 2010).	 It	 is	 noteworthy	 that	 these	

genes	are	deleted	in	our	index	patient.	In	support	of	the	neuronal	functions	for	AKT3	and	

ZBTB18,	studies	in	mice	have	demonstrated	their	critical	roles	in	neurogenesis,	neuronal	

migration,	 and	 the	 formation	 of	 the	 brain	 (Heng	 et	 al.,	 2013;	 Ohtaka-Maruyama	 et	 al.,	

2013;	Poduri	et	al.,	2012;	Okado	et	al.,	2009).	Also,	whole	exome	sequencing	studies	have	

revealed	that	abnormalities	in	brain	growth	are	associated	with	point	mutations	to	AKT3	

(Lee	 et	al.,	 2012;	Riviere	 et	al.,	 2012)	 and	ZBTB18	 (de	Munnik	 et	al.,	 2014;	Rauch	 et	al.,	

2012).	In	the	case	of	SDCCAG8,	 functional	studies	with	mice	demonstrated	that	SDCCAG8	
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regulates	neuronal	migration	during	fetal	brain	development	(Insolera	et	al.,	2014)	while	

CEP170	is	a	component	of	the	microtubule	cytoskeleton	which	influences	protein	complex	

formation	 at	 the	mitotic	 spindle	 of	 dividing	 cells	 (Welburn	 and	 Cheeseman,	 2012),	 and	

these	 functions	 may	 be	 relevant	 to	 the	 production	 of	 new	 neurons	 from	 local	

neuroprogenitors	 within	 the	 fetal	 cerebral	 cortex.	 In	 contrast,	 while	 PLD5	 remains	 a	

poorly	 studied	 gene	 encoding	 a	member	 of	 the	 phospholipidase	 D	 family	 of	 proteins,	 a	

study	by	Anney	and	colleagues	(Anney	et	al.,	2010)	suggested	its	association	with	autism.	

However,	 PLD5	 deletions	 and	 duplications	 are	 documented	 in	 normal	 individuals	

(Database	 of	 Genomic	 Variants	 (MacDonald	 et	 al.,	 2014),	 data	 not	 shown).	 Thus,	 it	 is	

unclear	as	 to	whether	 their	altered	gene	dosage	 in	patients	directly	contributes	 to	brain	

disorder,	or	if	candidates	such	as	PLD5	are	merely	“passenger	genes,”	with	no	phenotypic	

consequence	 arising	 from	 their	 copy	 number	 variation.	 It	 remains	 to	 be	 clarified	 as	 to	

whether	any	effects	of	gene	dosage	alterations	on	the	transcriptome	of	affected	individuals	

will	represent	a	cause	or	consequence	of	the	1q43-q44	CNV	in	microcephaly.	

	

3.5 DISCUSSION	

We	have	characterized	the	first	Australian	case	of	a	de	novo	complex	1q43-q44	CNV	

in	a	child	with	developmental	abnormalities	and	significant	neurological	impairment.	This	

patient	 is	 the	 second	 case	 of	 a	1q43-q44	 deletion	with	 an	 adjacent	1q	 duplication	 to	 be	

reported.	While	it	 is	understood	that	almost	all	microdeletions	of	the	size	of	that	seen	in	

our	 index	 patient	will	 exhibit	 some	 kind	 of	 neurological	 impairment,	 our	 investigations	

have	enabled	us	 to	determine	 that	our	patient	presents	as	a	 complex	1q43-q44	 deletion	

because	his	 neurological	 impairments	 are	 consistent	with	1qter	 deletion	 syndrome,	 and	

that	our	patient	has	a	larger	segment	of	1q43-q44	loss	relative	to	the	smaller,	adjacent	1q	

gain.	We	speculate	that	his	clinical	attributes	are	a	result	of	duplications	and	deletions	to	

the	constituent	1q43-q44	genes	within	their	CNV,	a	pathological	consequence	of	the	1q43-

q44	chromosomal	rearrangements,	or	both.	Such	a	CNV	could	also	disrupt	the	regulatory	

elements	of	nearby	genes,	as	well	as	the	Topologically	Associating	Domains	(TADs)	of	1q	

that	govern	intra-chromosomal	association	and	three-dimensional	coordination	of	cellular	

gene	expression	(Remeseiro	et	al.,	2016).	Interestingly,	the	related	case	report	by	de	Brasi	

and	colleagues	(de	Brasi	et	al.,	2001)	described	a	patient	with	a	large	segment	of	1q43-q44	

duplicated,	comprising	AKT3	and	ZBTB18	with	an	adjacent	deletion.	The	patient	presented	

with	macrocephaly	and	accompanying	clinical	features	akin	to	a	patient	harbouring	a	pure	

distal	1q	duplication.	While	it	is	difficult	to	determine	the	precise	mechanism	of	action	for	

these	rare	CNVs,	both	examples	provide	further	evidence	of	an	association	between	1q43-

q44	CNVs	and	brain	growth	disorder.	
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We	 observed	 a	 greater	 proportion	 of	 reported	 deletions	 versus	 duplication	 cases,	

which	could	suggest	that	the	phenotype	resulting	from	a	distal	1q	deletion	is	likely	to	be	

more	 severe	 compared	 to	 distal	 1q	 duplication.	 Indeed,	 we	 find	 that	 patients	 with	

deletions	more	frequently	present	with	microcephaly,	corpus	callosum	malformations	and	

seizures,	 compared	 with	 patients	 harbouring	 duplications.	 Further,	 we	 found	 that	 the	

majority	 of	 distal	1q	 deletions	were	pure,	 and	without	 any	 accompanying	 chromosomal	

abnormality.	 Our	 results	 reinforce	 the	 historically	 accurate	 definition	 of	 1qter	 deletion	

syndrome,	 and	 the	 notion	 that	 haploinsufficiency	 arising	 from	 distal	 1q	 CNVs	 directly	

contributes	 to	 the	 clinical	 presentation	 of	 this	 syndrome.	 The	 identification	 of	 further	

cases	of	complex	1q43-q44	CNVs	will	clarify	the	potential	causative	nature	of	this	genomic	

abnormality	in	developmental	brain	disorder.	

	

Our	study	has	 identified	an	association	between	microcephaly	and	a	critical	1q43-

q44	 region	 comprising	 PLD5,	 CEP170,	 SDCCAG8,	 AKT3,	 and	 ZBTB18.	 This	 region	

encompasses	more	microcephaly	genes	than	what	was	proposed	by	Ballif	and	colleagues	

(Ballif	et	al.,	2012);	it	encompasses	a	critical	region,	which	represents	all	the	cases	in	their	

study.	While	the	causal	nature	of	deletions	to	one	or	several	of	these	genes	in	the	critical	

region	remains	to	be	clarified,	our	study	nevertheless	reinforces	the	association	between	

AKT3	deletions	and	microcephaly,	ZBTB18	deletions	and	corpus	callosum	abnormalities,	

and	 HNRNPU	 and	 seizure	 phenotypes.	 We	 also	 report	 that	 postnatal	 decline	 in	 brain	

growth	in	patients	with	distal	1q	CNVs	might	be	an	important	trait	for	further	study,	and	

we	speculate	that	1q43-q44	genes	are	important	for	postnatal	development	of	the	nervous	

system.	In	the	future,	 it	will	be	 important	to	 investigate	neuronal	gene	expression	in	the	

context	of	1q43-q44	CNVs	to	support	or	refute	the	hypothesis	that	transcriptomic	changes	

resulting	 from	 alterations	 to	 constituent	 genes	 cause	 neurodevelopmental	 defects	 and	

human	brain	disorder.	
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3.7 SUPPLEMENTARY	INFORMATION	AND	ADDITIONAL	FILES	

The	 published	 version	 is	 presented	 in	 Appendix	 A	 subsection	 A.1.1,	 with	

supplementary	 information	 in	 subsection	A.1.2.	 The	 supplementary	 excel	 tables	may	be	

found	 in	 the	 online	 version	 of	 this	 article	 at	 the	 publisher's	 website	

(https://doi.org/10.1002/ajmg.b.32427),	as	the	file	is	too	large	for	the	appendices.	
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4 ZBTB18 AND P27KIP1 COORDINATE CELL 
CYCLE EXIT AND NEURONAL MIGRATION 
WITHIN THE EMBRYONIC MOUSE 
CEREBRAL CORTEX 

________________________________________________________________________________________________________	

	

The	work	within	 this	 chapter	was	 published	 in	 the	 peer-reviewed	 journal	Neural	

Development.	This	chapter	is	presented	as	it	appears	in	the	publication,	apart	from	minor	

changes	 to	 formatting	 and	 referencing	 for	 consistency	 with	 previous	 and	 subsequent	

chapters.	 The	 published	 version	 is	 presented	 in	 Appendix	 A	 subsection	 A.2.1,	 with	

supplementary	information	in	subsection	A.2.2.	

	

4.1 PREAMBLE		

Within	 the	 previous	 chapter	 (Chapter	 3)	 it	was	 identified	 that	 distal	1q	 CNVs	 are	

associated	with	brain	 growth	disorder	 and	 intellectual	 disability.	The	 findings	 from	 this	

work	indicated	that	genes	within	the	1q43-q44	region	are	important	for	both	prenatal	and	

postnatal	 nervous	 system	 development.	 The	 subsequent	 conclusions	 of	 the	 chapter	

highlighted	 the	 need	 for	 further	 investigation	 into	 the	 cellular	 functions	 of	 individual	

genes	 within	 the	 1q43-44	 region,	 including	 ZBTB18.	 In	 this	 chapter	 (Chapter	 4),	 an	

investigation	was	undertaken	to	define	the	molecular	mechanism	through	which	ZBTB18	

mediates	 the	 coordination	 of	 cell	 cycle	 exit	 and	 initiate	 radial	 migration	 of	 immature	

cortical	cells.	The	cell	cycle	exit	and	initiate	radial	migration	of	immature	cortical	cells	is	

an	essential	step	for	their	development	and	integration	into	neural	circuits.	ZBTB18	and	

p27kip1	 were	 found	 to	 jointly	 coordinate	 cell	 cycle	 exit	 during	 the	 early	 phase	 of	 cell	

migration,	with	 cells	migrating	 from	 the	VZ/SVZ	 region	 into	 the	 IZ.	The	overall	 findings	

within	 this	body	of	work	are	consistent	with	a	model	 that	 reconciles	 the	 transcriptional	

regulatory	functions	for	ZBTB18	with	an	epistatic	mechanism	for	cell	cycle	exit	involving	

cooperative	 signalling	 with	 p27kip1.	 The	 molecular	 pathway	 demonstrated	 within	 this	

chapter	 is	 consistent	with	 a	 signalling	 pathway	 involving	 RhoA	 suppression.	 This	work	

highlights	the	importance	of	appropriate	regulation	of	Zbtb18	and	its	downstream	target	

genes	 for	mammalian	brain	development.	However,	 the	possible	 impact	 on	 this	 role	 for	

ZBTB18	 due	 to	 genetic	 variation	 was	 highlighted	 as	 an	 aspect	 needing	 further	

investigation.	The	subsequent	findings	from	this	further	investigation	are	reported	within	

this	thesis	within	the	following	chapter	(Chapter	5).	

	 4	
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4.2 INTRODUCTION	

The	 development	 of	 the	 cerebral	 cortex	 involves	 a	 precise	 integration	 of	multiple	

molecular	 cues	 within	 embryonic	 cortical	 cells	 to	 coordinate	 the	 production	 of	

appropriate	numbers	of	progenitor	cells,	followed	by	the	elaboration	of	distinct	neural	cell	

types	 (Molyneaux	 et	 al.,	 2007;	 Kriegstein	 and	 Noctor,	 2004;	 Gupta	 et	 al.,	 2002;	

Schuurmans	and	Guillemot,	2002).	Within	the	developing	embryonic	cerebral	cortex,	local	

progenitor	 cells	 undergo	 multiple	 rounds	 of	 cell	 proliferation	 to	 generate	 neurons,	

astrocytes,	and	oligodendrocytes,	which	systematically	integrate	within	the	tissue	so	as	to	

eventually	 form	functional	neural	circuitry.	The	activities	of	DNA-binding	TFs	have	been	

recognised	 to	 be	 crucial	 for	 guiding	 the	 developmental	 trajectory	 of	 embryonic	 cortical	

neurons	through	the	initiation	of	cell-intrinsic	programmes	which	specify	their	subtype	as	

excitatory,	glutamatergic	neurons,	or	inhibitory,	GABAergic	neurons	(Heng	and	Guillemot,	

2013;	Molyneaux	et	al.,	 2007;	Marin	and	Rubenstein,	2003).	 For	example,	 the	proneural	

bHLH	transcriptional	activator	Neurogenin2	(Neurog2)	drives	a	cell	intrinsic	programme	

to	 specify	 an	 excitatory	 glutamatergic	 neuron	 fate.	 Furthermore,	 Neurog2	 initiates	 the	

transcription	of	downstream	target	genes,	 including	the	Rho	GTPase	related	factor	Rnd2,	

which	specifies	radial	positioning	of	newborn	neurons	within	the	growing	cortical	anlagen	

(Heng	et	al.,	2008;	Hand	et	al.,	2005).	Equally,	the	activities	of	transcriptional	repressors,	

such	as	the	zinc	finger	DNA-binding	transcriptional	repressor	Zbtb18	(also	known	as	Rp58	

or	 Znf238),	 are	 also	 critical	 to	 the	 development	 of	 the	 embryonic	 cerebral	 cortex	 by	

coordinating	corticogenesis.	Notably,	the	gene	regulatory	activities	of	Zbtb18	influence	the	

timing	 of	 Neurog2	 expression	 within	 the	 embryonic	 cortex,	 to	 promote	 neurogenesis	

(Ohtaka-Maruyama	et	al.,	 2013).	Also,	 Zbtb18	directly	 regulates	Rnd2	expression	 for	 the	

efficient	radial	migration	of	newborn	cortical	neurons	(Heng	et	al.,	2013).	As	a	corollary,	

loss	 of	 Zbtb18	 expression	 during	 embryogenesis	 leads	 to	 neurodevelopmental	 defects	

such	 as	 premature	 depletion	 of	 cortical	 progenitors,	 precocious	 neurogenesis	 and	

gliogenesis,	as	well	as	programmed	cell	death	(Ohtaka-Maruyama	et	al.,	2013;	Hirai	et	al.,	

2012;	 Xiang	 et	 al.,	 2012;	 Okado	 et	 al.,	 2009).	 However,	 the	 underlying	 molecular	

mechanism	for	this	remains	to	be	better	characterised.	

	

In	 addition	 to	 TFs,	 members	 of	 the	 Cip/Kip	 family	 of	 cyclin-dependent	 kinase	

inhibitor	(CDKI)	proteins	are	also	critical	for	coordinating	neuroprogenitor	cell	cycle	exit	

and	differentiation	within	the	developing	cortex	(Hirai	et	al.,	2012;	Kawauchi	et	al.,	2006;	

Nguyen	et	al.,	2006;	Tarui	et	al.,	2005).	Notably,	 the	CDKI	p27kip1	drives	neuroprogenitor	

cell	 cycle	 exit	 and	 cortical	 neuron	 differentiation	 through	 its	 cyclin	 kinase	 inhibitor	

functions	(Kawauchi	et	al.,	2006;	Nguyen	et	al.,	2006;	Tarui	et	al.,	2005).	In	addition,	it	also	
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mediates	 neurite	 outgrowth	 through	 its	 capacity	 to	 suppress	 RhoA	 signalling	 so	 as	 to	

coordinate	the	neuronal	cytoskeleton	(Nguyen	et	al.,	2006).	More	recently,	p27kip1	has	also	

been	 identified	 to	 promote	 microtubule	 polymerisation	 to	 facilitate	 the	 migration	 of	

cortical	 cells	 (Godin	 et	 al.,	 2012).	 While	 such	 findings	 identify	 critical	 roles	 for	 TF	

signalling	 and	 CDKI	 activity	 during	 cortical	 neurogenesis,	 their	 cooperative	 functions	

remain	 less	 well	 characterised,	 particularly	 given	 recent	 evidence	 linking	 Zbtb18	

expression	and	CDKI	activities	in	the	development	of	astrocytes	(Hirai	et	al.,	2012).	Here,	

we	 demonstrate	 that	 the	 co-expression	 of	 Zbtb18	 and	 the	 cyclin-dependent	 kinase	

inhibitor	 (CDKI)	 p27kip1	 is	 important	 for	 E14.5-born	 cortical	 neurons	 to	 coordinate	 cell	

cycle	 exit	 and	 initiate	 their	 radial	migration.	 The	 impaired	 radial	 positioning	 of	Zbtb18-

deficient	 cortical	 neurons	within	 the	 embryonic	 (E17.5)	mouse	 cortex,	was	 found	 to	 be	

restored	 by	 forced	 expression	 of	 p27kip1	 in	 concert	with	 suppression	 of	Rnd2.	Rnd2	 is	 a	

downstream	target	gene	of	Zbtb18,	and	its	suppression,	along	with	the	forced	expression	

of	 p27kip1,	 also	 restored	 cortical	 neurons’	 multipolar	 to	 bipolar	 transition	 from	 the	

intermediate	zone	to	the	cortical	plate.	Furthermore,	the	restorative	effects	of	p27kip1	and	

Rnd2	abrogation	are	reminiscent	of	suppressing	RhoA	signalling	in	Zbtb18-deficient	cells.	

Our	 findings	demonstrate	 functional	 interplay	between	a	 transcriptional	regulator	and	a	

CDKI	 to	mediate	 neuroprogenitor	 cell	 cycle	 exit,	 as	well	 as	 to	 promote	 radial	migration	

through	a	molecular	mechanism	consistent	with	suppression	of	RhoA	signalling.	

	

4.3 MATERIALS	AND	METHODS	

4.3.1 ANIMALS	

Mice	 (C57BL/6	 J)	 were	 housed,	 bred	 and	 treated	 within	 the	 animal	 facilities	 at	

Monash	University.	Mice	were	housed	four	to	a	cage	in	 individually	ventilated	cages	and	

on	a	12:12-hour	light:dark	cycle.	Female	mice	of	at	least	6	weeks	of	age	were	utilised	for	

timed-mating.	 Zbtb18-knockout	 mice	 (previously	 known	 as	 Rp58-knockout	 mice)	 were	

genotyped	 by	 polymerase	 chain	 reaction.	 All	 animal	 procedures	 were	 approved	 by	 the	

Animal	 Ethics	 Committee	 of	 Monash	 University	 (Licenses	 MARP/08–104	 and	

MARP/2012/068),	and	are	compliant	with	guidelines	provided	by	the	National	Health	and	

Medical	Research	Council	of	Australia.	Our	animal	research	is	governed	by	project	licenses	

approved	by	the	Animal	Ethics	Committee	of	Monash	University.	

	

4.3.2 DNA	PLASMIDS	AND	ANTIBODIES	

Mammalian	 (pCaggs)	 expression	 vectors	 encoding	 p27kip1,	 p27kip1(ck-)	 and	

RhoA(N19)	 have	 been	 described	 previously	 (Nguyen	 et	 al.,	 2006),	 in	 addition	 to	 a	
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previously	generated	Zbtb18	expression	construct	with	a	pCIG	vector	which	 lacks	a	GFP	

cassette	(Heng	et	al.,	2013).	RNAi	for	Zbtb18	was	achieved	using	a	pool	of	targeting	siRNAs	

(Dharmacon	GE	Life	Sciences),	which	was	previously	verified	for	specificity	of	knockdown	

as	 well	 as	 a	 pSilCaggs-Rnd2	 shRNA1	 vector	 to	 induce	 Rnd2	 RNAi	 (Heng	 et	 al.,	 2013).	

Primary	 antibodies	 used	 for	 immunostaining	 analysis	 include	 chicken	 antibody	 to	 GFP	

(Abcam,	ab13970,	1:700),	mouse	anti-p27kip1	(BD	Biosciences,	1:400),	rabbit	anti-Zbtb18	

(Proteintech	 Group,	 1:250),	 rabbit	 anti-Ki67	 (NCL-Ki67p,	 Leica,	 1:1000),	 pHH3	 (ser10)	

(06–570,	Merck	Millipore,	1:1000),	mouse	anti	βIII-tubulin	(Covance,	MMS-435P,	1:1000),	

mouse	 anti-Nestin	 (Millipore,	 MAB353,	 1:300),	 rabbit	 anti-Pax6	 (Covance,	 PRB-2788,	

1:500),	 rabbit	 anti-Tbr2	antibody	 (Abcam,	ab233345,	1:500),	 rabbit	polyclonal	 antibody	

to	 GFP	 (Invitrogen,	 A6455,	 1:1000).	 Alexafluor	 secondary	 antibodies	 include	 goat	 anti-	

chicken	 IgG	 (Invitrogen,	 A11039,	 1:700),	 goat	 anti-mouse	 (Invitrogen,	A11031,	 1:800),	

and	goat	anti-rabbit	 IgG	 (Invitrogen,	A6455,	1:1000).	The	nuclei	of	 cells	were	visualised	

with	DAPI	(4′6-Diamidino-2-Phenylindole)	(Invitrogen,	D1306,	1:10000).	

	

4.3.3 IN	UTERO	ELECTROPORATION	

In	utero	electroporation	experiments	were	performed	as	described	(Ngo	et	al.,	2014;	

Breuss	et	al.,	2012).	High	quality,	low	endotoxin	plasmid	preparations	(Qiagen,	cat.	12362)	

of	 DNA	 vectors	 were	 injected	 at	 1	 μg/μL	 for	 each	 plasmid,	 together	 with	 Fast	 Green	

(0.05%,	Sigma,	cat.	F7252).	For	RNAi	experiments,	Dharmacon	siRNA	targeting	pools	were	

injected	 at	 10	 μM	 concentration	 together	 with	 GFP	 expression	 plasmid	 at	 1	 μg/μL	

concentration.	Following	recovery	from	in	utero	electroporation,	the	mice	were	sacrificed	

36	hours	post	surgery	by	cervical	dislocation,	and	the	embryonic	brains	were	harvested	

by	 dissection	 in	 cold	 PBS.	 For	 studies	 of	 dissociated	 cortical	 cells,	 dissected	 embryonic	

cortical	tissue	was	digested	to	obtain	a	single-cell	suspension	and	plated	as	per	previously	

described	(Heng	et	al.,	2013).	For	histological	analysis,	electroporated	brains	were	subject	

to	 fixation	 in	4%	paraformaldehyde	 solution	 in	PBS	overnight	 at	 4°C,	 followed	by	 three	

washes	 in	 PBS	 and	 permeation	 in	 20%	 sucrose/PBS	 solution	 at	 4°C.	 Following	 tissue	

embedding	 in	 OCT,	 cryosectioning	 along	 the	 coronal	 plane	 (16	 μm	 thickness)	 was	

performed	 followed	 by	 fluorescence	 immunostaining	 for	 antigens	 of	 interest.	 Images	 of	

brain	sections	were	captured	on	an	epifluorescence	microscope	(Olympus)	equipped	with	

a	 CCD	 camera	 (SPOT).	 Subdivisions	 of	 the	 embryonic	 cortex	 (VZ/SVZ,	 IZ	 and	 CP)	were	

identified	 based	 on	 cell	 density	 as	 visualised	with	DAPI	 (4′6-Diamidino-2-Phenylindole)	

staining,	 as	 described	 previously	 (Hass	 et	 al.,	 2016).	 Images	 from	 embryonic	 E17.5	

cortices	 for	 cell	 shape	 analyses	 were	 acquired	 at	 ×20	 magnification,	 as	 described	

previously	 (Gladwyn-Ng	 et	al.,	 2015).	 Cell	 counting	was	 performed	blind	 to	 the	 in	utero	
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electroporation	 treatments	 on	 representative	 fields	 of	 sections	 of	 electroporated	 brains	

using	ImageJ	software.	

	

4.3.4 CELL	CULTURE,	WESTERN	BLOTTING	AND	IMMUNOPRECIPITATION	

Mouse	 embryonic	 carcinoma	 (P19)	 cells	 were	 cultured	 in	 Dulbecco’s	 modified	

Eagle’s	 medium	 (Gibco,	 10	 313)	 supplemented	 with	 10%	 heat-inactivated	 fetal	 bovine	

serum	(Thermo	Fisher,	HYC15–010.02),	2	mM	L-glutamine	(Gibco,	25	030),	20	units/mL	

of	penicillin	and	streptomycin	(Gibco,	15	140)	under	humidified	air	containing	5%	CO2	at	

37°C.	 Transfections	 were	 performed	 using	 equal	 quantities	 of	 expression	 plasmids	

(pcDNA	 empty	 vector,	 pcDNA-Neurog2	 or	 pcDNA-Zbtb18	 vector)	 for	 each	 transfection	

treatments.	 Western	 blotting	 analysis	 was	 performed	 with	 antibodies	 to	 mouse	 anti-

ZBTB18	 (Abnova,	 H00010472-M04,	 1:5000),	mouse	 anti-β-actin	 (Sigma	Aldrich,	 A5441,	

1:5000)	and	p27kip1	together	with	appropriate	fluorescent	secondary	antibodies,	goat	anti-

rabbit	IRDye	680LT	(LI-COR	Biosciences,	926-68021,1:10000)	and	goat	anti-mouse	IRDye	

800	 (LI-COR	Biosciences,	 926-32210,	 1:10000),	 as	previously	described	 (Gladwyn-Ng	et	

al.,	 2015).	 Immunoblotted	 signals	 were	 detected	 with	 an	 Odyssey®	 infrared	 imaging	

system	(LI-COR	Biosciences,	9201–02)	for	analysis.	

	

4.4 RESULTS	

We	focussed	our	attention	on	early-mid	gestation	mouse	embryos	at	embryonic	day	

14.5	 (E14.5),	 a	 stage	 of	 neurodevelopment	 defined	 by	 a	 peak	 period	 of	 neurogenesis.	

During	 this	 stage	maximal	 numbers	 of	 cortical	 neurons	 are	 born	 from	 local	 ventricular	

zone	 (VZ)	 and	 subventricular	 zone	 (SVZ)	 progenitor	 cells	 (Takahashi	 et	al.,	 1996).	 We	

performed	 immunostaining	 and	 detected	 Zbtb18	 in	 neuroprogenitor	 cells	 of	 the	

ventricular	zone	(VZ)	and	subventricular	zone	(SVZ),	as	well	as	in	postmitotic	neurons	of	

the	 intermediate	zone	(IZ)	and	cortical	plate	(CP)	(Figure	4.4.1A).	We	also	characterised	

the	 immunostaining	 pattern	 for	 Zbtb18	 together	 with	 p27kip1,	 the	 predominant	 cyclin-

dependent	 kinase	 inhibitor	 in	 the	 E14.5	 embryonic	 cortex	 (Nguyen	 et	 al.,	 2006)	 and	

detected	their	co-expression	in	scattered	cells	within	the	germinal	VZ/SVZ,	and	in	virtually	

all	cells	of	the	IZ	and	CP	(Figure	4.4.1A).	It	is	known	that	disruptions	to	Zbtb18	or	p27kip1	

lead	to	defective	neuronal	differentiation	and	radial	migration	(Heng	et	al.,	2013;	Ohtaka-

Maruyama	et	al.,	2013;	Okado	et	al.,	2009;	Nguyen	et	al.,	2006).	If	was	therefore	reasoned	

that	the	combined	activities	of	both	Zbtb18	and	p27kip1	might	be	relevant	for	coordinating	

the	 cellular	 activities	 of	 cortical	 progenitors,	 such	 as	 their	 cell	 cycle	 exit	 and	 radial	

migration.	
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We	performed	Western	blotting	with	lysates	collected	from	whole	E14.5	embryonic	

cortices	of	Zbtb18	wild-type,	heterozygote	and	nullizygous	embryos,	which	demonstrated	

that	 steady-state	 levels	 of	 p27kip1	immunoblotted	 signal	 were	 not	 significantly	 different	

between	 genotypes	 (Supplementary	 Figure	 A.2.2.1A-B).	 While	 this	 result	 is	 consistent	

with	 the	 findings	 of	 Hirai	 and	 colleagues	 (Hirai	 et	al.,	 2012),	 we	were	 intrigued	 by	 the	

possibility	 that	 cell-type	 specific	 fluctuations	 in	 p27kip1	 within	 the	 cortical	 tissue	 might	

underlie	 Zbtb18	 deficiency.	 Thus,	 we	 performed	 a	 series	 of	 experiments	 using	 E14.5	

mouse	 embryos	 in	 which	 we	 introduced	 small	 interfering	 RNAs	 (siRNAs)	 by	 in	 utero	

electroporation	 to	 efficiently	 suppress	 Zbtb18	 in	 a	 cell	 autonomous	manner	 within	 the	

embryonic	cortex,	as	previously	reported	(Heng	et	al.,	2013).	We	also	performed	control	

experiments	 in	which	 cortices	were	 electroporated	with	 a	 non-targeting	 siRNA	 pool.	 In	

these	 experiments,	 a	 Green	 Fluorescent	 Protein	 (GFP)	 expression	 vector	 was	 co-

electroporated	 to	 identify	 siRNA-treated	 cells.	 In	 parallel,	we	 also	 electroporated	brains	

with	 a	 bicistronic	 GFP	 expression	 construct	 encoding	 ZBTB18	 (together	 with	 non-

targeting	siRNAs)	to	investigate	the	consequence	of	its	forced	expression	within	the	E14.5	

cortex.	 Thirty-six	 hours	 after	 electroporation,	 successfully	 electroporated	 brains	 were	

analysed	for	potential	effects	on	p27kip1	expression.	As	shown	in	Figure	4.4.1B,	we	found	

that	neither	knockdown	of	Zbtb18	nor	its	forced	expression	led	to	a	significant	effect	in	the	

proportion	of	GFP-labelled	cells	which	co-stain	with	p27kip1	 in	the	IZ	(Figure	4.4.1C).	We	

also	analysed	the	intensity	of	p27kip1-immunofluorescence	signal	within	IZ	cells	and	found	

no	 significant	 difference	 between	 treatment	 groups	 (Supplementary	 Figure	 A.2.2.1C-D).	

However,	we	observed	a	significant	reduction	in	the	proportion	of	p27kip1-expressing	cells	

within	 the	 VZ	 and	 SVZ	 following	 Zbtb18	 knockdown,	 while	 overexpression	 led	 to	 a	

significant	 elevation	 (Figure	 4.4.1B-D).	 Furthermore,	 the	 intensity	 of	 p27kip1-

immunofluorescence	 signal	 within	 VZ/SVZ	 cells	 was	 significantly	 reduced	 upon	

knockdown,	while	overexpression	did	not	have	a	significant	effect	(Supplementary	Figure	

A.2.2.1E).	 These	 observations	 suggest	 that	 acute	 suppression	 of	 Zbtb18	 results	 in	 a	

transient	 reduction	 in	 p27kip1	 levels	 in	 VZ/SVZ	 cells,	 with	 potential	 effects	 on	

neurodifferentiation.	Consistent	with	 this	 finding,	Zbtb18	 knockdown	 led	 to	a	 significant	

reduction	 in	neuronal	differentiation	as	marked	by	 immunostaining	 for	βIII-tubulin,	 but	

forced	 expression	 of	 Zbtb18	 did	 not	 have	 such	 an	 effect	 (Figure	 4.4.1E-F).	 Parallel	

experiments	 in	 which	 electroporated	 tissue	 was	 dissociated	 and	 cells	 plated	 before	

immunostaining	for	βIII-tubulin	further	confirmed	this	finding	(Figure	4.4.1G).	The	results	

could	 also	 be	 interpreted	 to	 indicate	 that	 Zbtb18	 drives	 neurodifferentiation.	 However,	

this	 is	 directly	 addressed	 in	 an	 experiment	 using	 mouse	 embryocarcinoma	 P19	 cells,	

showing	that	forced	expression	of	Zbtb18	does	not	promote	the	production	of	βIII-tubulin	

expressing	 neurons	 in	vitro	 (Figure	 4.4.1H,).	 As	 a	 control,	 we	 transfected	 cells	with	 the	
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neurogenic	TF	Neurog2,	which	robustly	induced	βIII-tubulin	expression.	Altogether,	these	

results	 show	 that	 disruptions	 to	 Zbtb18	 affect	 p27kip1	 expression	 in	 embryonic	 cortical	

cells	 of	 the	 germinal	 VZ/SVZ,	 but	 Zbtb18	 lacks	 the	 capacity	 to	 promote	

neurodifferentiation.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	4.4.1	-	The	effects	of	Zbtb18	disruption	on	p27kip1	within	the	embryonic	cortex.		

(A)	Immunostaining	of	Zbtb18	and	p27kip1	reveal	their	co-presence	in	cells	of	the	VZ/SVZ,	IZ	and	CP.	Arrows	point	to	
double-positive	 cells,	 while	 arrowheads	 point	 to	 Zbtb18+	 cells.	 (B-D)	 Knockdown	 or	 overexpression	 of	 Zbtb18	 did	 not	
significantly	disrupt	p27kip1	 co-immunostaining	of	GFP+	cells	 in	 the	 IZ	 (F2,6	=	3.1,	p	=	0.11,	One-way	analysis	of	variance	
(ANOVA),	 >300	 cells	 counted	 from	 3	 independent	 brains	 per	 treatment)	 (C),	 while	 there	 was	 a	 significant	 effect	 in	 the	
VZ/SVZ	(F2,6	=	45,	p	<	0.0005,	One-way	ANOVA,	>400	cells	counted	from	3	independent	brains	per	treatment).	Arrows	point	
to	 double-positive	 cells,	 while	 arrowheads	 point	 to	 GFP+	 cells.	 (E-F)	 Knockdown	 of	 Zbtb18	 leads	 to	 a	 decrease	 in	 the	
proportion	of	GFP	electroporated	cells	which	co-label	with	βIII-tubulin,	indicative	of	impaired	neurogenesis	(F2,6	=	18	p	=	
0.003,	One-way	ANOVA,	>600	cells	counted	from	3	independent	brains	per	treatment).	Arrows	point	to	GFP+	cells	which	do	
not	 co-label	 with	 βIII-tubulin.	 (G)	 GFP	 labelled	 cells	 were	 dissociated	 from	 successfully	 electroporated	 brain	 tissue	 and	
plated	 for	 2h	 before	 fixation,	 immunostaining	 and	 data	 collection.	 Knockdown	 of	 Zbtb18	 leads	 to	 a	 reduction	 in	
neurogenesis,	while	forced	expression	does	not	significantly	disrupt	p27kip1	expression	(F2,6	=	9,	p	=	0.011,	One-way	ANOVA,	
>450	cells	counted	from	3	independent	experiments	per	treatment).	Arrow	points	to	double-positive	cells,	while	arrowhead	
points	to	GFP+	cells.	(H)	Forced	expression	of	Neurog2	but	not	Zbtb18	in	P19	embyrocarcinoma	cells	induces	neurogenesis,	
as	 evaluated	 by	 immunostaining	 for	 βIII-tubulin	 (F2,6	 =	 1212,	 p	 <	 0.001,	 One-way	 ANOVA,	 >1000	 cells	 counted	 from	 3	
independent	 experiments	 per	 treatment).	 *p	 <	 0.05,	 **p	 <	 0.01,	 ***p	 <	 0.001;	 “ns”	 denotes	 not	 significant.	 Scale	 bar	
represents	50	μm.		
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We	 previously	 reported	 that	 Zbtb18	 cell	 autonomously	 regulates	 progenitor	 cell	

cycle	exit	and	initiation	of	radial	migration	within	the	E14.5	embryonic	cortex	(Heng	et	al.,	

2013;	Ohtaka-Maruyama	et	al.,	2013).	Given	our	 findings	 that	Zbtb18	 is	co-labelled	with	

p27kip1	within	the	embryonic	E14.5	cortex	(Figure	4.4.1A),	and	that	disruptions	to	Zbtb18	

lead	to	changes	in	p27kip1	expression	within	the	VZ/SVZ	(Figure	4.4.1B-D;	Supplementary	

Figure	A.2.2.1C-E),	we	hypothesised	that	Zbtb18	mediated	neuroprogenitor	proliferation	

via	 a	 p27kip1-mediated	 process.	 Should	 this	 be	 the	 case,	 we	 would	 predict	 that	 forced	

expression	of	p27kip1	might	abrogate	Zbtb18	deficiency	in	neural	progenitor	cells.	To	test	

this,	an	expression	constructs	encoding	p27kip1	or	a	variant,	which	 lacks	 its	cyclin	kinase	

function	but	retains	 its	capacity	for	signalling	cell	migration	(termed	p27kip1ck-),	was	co-

delivered.	The	Zbtb18-deficient	cortical	cells	of	the	E14.5	cortex	treated	with	the	p27kip1ck-	

expression	 construct	 were	 examined	 for	 its	 potential	 restorative	 effects	 on	 cell	

proliferation	and	radial	migration.	It	is	known	that	p27kip1	promotes	cell	cycle	exit	through	

its	 cyclin-dependent	 kinase	 activities,	 as	 well	 as	 cell	 migration	 through	 a	 mechanism	

independent	of	its	cyclin	kinase	activity	(Nguyen	et	al.,	2006;	Besson	et	al.,	2004),	and	we	

confirmed	 this	 effect	 in	 the	 E14.5	 cortex	 (Supplementary	 Figure	 A.2.2.2).	 Figure	 4.4.2	

shows	 that	 Zbtb18	siRNA	 treatment	 leads	 to	 a	 significant	 increase	 in	 the	 proportion	 of	

GFP-labelled	cells	which	co-label	with	the	proliferation	markers	Ki67	(Figure	4.4.2A-E)	or	

pHH3	(Figure	4.4.2G-K).	However,	the	co-delivery	of	p27kip1	led	to	a	significant	restoration	

of	 these	markers,	 while	 co-delivery	 of	 a	 p27kip1ck-	 expression	 construct	 did	 not	 have	 a	

restorative	 effect.	 Notably,	 p27kip1	 suppressed	 cell	 proliferation	 to	 an	 extent	 beyond	

control	 levels	 (Figure	 4.4.2E,	 Ki67	 16.6%	 ±	 2.1%	 in	 control	 vs	 4.9%	 ±	 0.6%	 in	 Zbtb18	

siRNA	restored	with	p27kip1	expression;	p	<	0.01),	suggesting	that	p27kip1	and	Zbtb18	have	

different	 potencies	 for	 mediating	 Ki67	 and	 pHH3	 expression	 in	 cortical	 cells.	 We	 also	

found	a	significant	interaction	between	non-surface	(SVZ)	divisions	in	treated	cells,	which	

could	 suggest	 an	 effect	 of	 Zbtb18	 disruption	 on	 neuroprogenitor	 cells.	 The	 non-surface	

(SVZ)	 divisions	were	 identified	 as	mitoses	marked	 by	 pHH3	 expression	 away	 from	 the	

ventricular	 surface	 (Supplementary	 Figure	 A.2.2.3A).	 To	 investigate	 this	 further,	 we	

analysed	 the	proportion	of	Pax6-expressing	radial	glial	progenitors	 to	 find	 that	 this	was	

not	 significantly	 affected	 between	 treatment	 groups	 (Supplementary	 Figure	 A.2.2.3B-F).	

We	also	did	not	 find	a	significant	difference	 in	surface	versus	non-surface	positioning	of	

GFP+	 Pax6+	 cells	 (data	 not	 shown).	 In	 contrast,	 treatment	with	Zbtb18	 siRNAs	 led	 to	 a	

significant	reduction	in	the	proportion	of	Tbr2-expressing	intermediate	progenitors	which	

could	 not	 be	 augmented	 by	 co-delivery	 of	 p27kip1	 or	 p27kip1ck-	 expression	 constructs	

(Supplementary	Figure	A.2.2.3G-K).	Overexpression	of	p27kip1	or	p27kip1ck-	alone	did	not	

influence	Pax6-immunoreactive	radial	glial	progenitors,	while	only	p27kip1	overexpression	

resulted	in	a	reduction	in	Tbr2-immunopositive	cells	(Supplementary	Figure	A.2.2.2E-F).	

Thus,	the	effect	of	Zbtb18	knockdown	on	intermediate	progenitors	cannot	be	restored	by	

forced	expression	of	p27kip1	or	p27kip1ck-.	



DOCTOR	OF	PHILOSOPHY	–	Isabel	A.	Hemming	

	
	

55	-																		-	

REVISED	Figure	4.4.2	-	p27kip1	restores	the	defective	cell	proliferation	and	radial	migration	
of	Zbtb18	siRNA-treated	cortical	progenitors.		

Knockdown	of	Zbtb18	leads	to	significant	reductions	in	the	expression	of	the	cell	proliferation	marker	Ki67.	(A–D)	
The	defective	expression	of	Ki67	in	Zbtb18	siRNA-treated	cells	could	be	restored	with	p27kip1,	but	not	p27kip1(ck-)	which	is	
incapable	of	signalling	cell	cycle	exit	owing	to	a	mutation	which	impairs	its	cyclin	kinase	function	(E)	(F3,8	=	73,	p	<	0.001,	
One-way	ANOVA,	>700	cells	counted	from	3	independent	brains	per	treatment).	Similar	effects	on	the	co-detection	of	pHH3,	
a	marker	of	cell	mitosis,	were	observed	(F-K,	F2,8	=	20,	p	=	0.004,	One-way	ANOVA,	>700	cells	counted	from	3	independent	
brains	per	 treatment).	 (L)	 In	addition,	 suppression	of	Zbtb18	 by	 siRNA	 treatment	 impaired	 the	migration	of	GFP-labelled	
cells,	while	treatment	with	either	p27kip1	or	p27kip1(ck-)	promoted	the	radial	migration	of	Zbtb18-siRNA	treated	cells	 from	
the	VZ/SVZ	to	the	IZ	(F2,8	=	12,	p	<	0.0001,	One-way	ANOVA,	>550	cells	counted	from	3	independent	brains	per	treatment).	
Scale	bar	represents	50	μm.	Revised	figure	replaced	original	Figure	4.4.2,	original	shown	in	Appendix	A.1.2.		
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directly tested this hypothesis by co-delivering Rp58
siRNAs with p27kip1 as well as a short hairpin RNA expres-
sion vector with moderate silencing activity for Rnd2
(known as Rnd2shRNA1, see [11]), we found that the radial
migration of these cells was significantly augmented, such
that their migration into the CP (Fig. 3f, 44.66% ± 2.79% in

the CP for control treatment versus 46.01% ± 2.59% in the
CP for Rp58 siRNA + p27kip1 + Rnd2shRNA1 treatment,
p > 0.05 Bonferroni posthoc t-test) as well as their intracor-
tical positioning (Fig. 3g, 17.99% ± 1.01% in the upper
CP for control treatment versus 16.09% ± 0.81% in the
upper CP for Rp58 siRNA + p27kip1 + Rnd2shRNA1

Fig. 2 p27kip1 restores the defective cell proliferation and radial migration of Rp58 siRNA-treated cortical progenitors. Knockdown of Rp58 leads to
significant reductions in the expression of the cell proliferation marker Ki67. a–d The defective expression of Ki67 in Rp58 siRNA-treated cells could
be restored with p27kip1, but not p27kip1(ck-) which is incapable of signalling cell cycle exit owing to a mutation which impairs its cyclin kinase
function (e) (F3,8 = 73, p < 0.001, One-way ANOVA, >700 cells counted from 3 independent brains per condition). Similar effects on the co-detection of
pHH3, a marker of cell mitosis, were observed (f–k, F2,8 = 20, p = 0.004, One-way ANOVA, >700 cells counted from 3 independent brains per condition).
l In addition, suppression of Rp58 by siRNA treatment impaired the migration of GFP-labelled cells, while treatment with either p27kip1 or p27kip1(ck-)
promoted the radial migration of Rp58-siRNA treated cells from the VZ/SVZ to the IZ (F2,8 = 12, p < 0.0001, One-way ANOVA, >550 cells counted from
3 independent brains per condition). Scale bar represents 50 !m
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During	 cortical	 development,	 immature	 neurons	 undertake	 distinct	 migratory	

behaviours	 as	 they	 leave	 the	 germinal	 VZ	 to	 migrate	 through	 the	 IZ	 so	 as	 to	 position	

themselves	 appropriately	 within	 the	 CP.	 We	 previously	 reported	 that	 Zbtb18-deficient	

cells	are	impaired	in	their	capacity	for	radial	migration	within	the	embryonic	cortex	(Heng	

et	al.,	 2013;	 Ohtaka-Maruyama	 et	al.,	 2013).	 However,	 p27kip1	 is	 known	 to	 promote	 the	

migration	 of	 neurons	 into	 the	 embryonic	 cortical	 plate	 ((Nguyen	 et	 al.,	 2006)	 and	

Supplementary	 Figure	 A.2.2.2G).	 Therefore,	 we	 hypothesised	 that	 Zbtb18	 and	 p27kip1	

could	 signal	 cooperatively	 to	 promote	 radial	 migration.	 Curiously,	 in	 addition	 to	 the	

restorative	effects	of	p27kip1	over-expression	on	cell	cycle	exit	in	Zbtb18-deficient	cortical	

cells	 (Figure	 4.4.2A-K),	we	 also	 observed	 that	 co-delivery	 of	 either	 p27kip1	 or	 p27kip1ck-	

augmented	 their	 migration	 from	 the	 VZ/SVZ	 to	 the	 IZ	 (Figure	 4.4.2L).	 Guided	 by	 this	

finding,	 we	 explored	 whether	 forced	 expression	 of	 p27kip1	 could	 restore	 the	 defective	

migration	of	Zbtb18-deficient	neurons	into	the	CP	of	the	embryonic	mouse	cortex.	We	thus	

performed	 in	 utero	 electroporation	 experiments	 with	 E14.5	 embryos	 in	 which	 we	

delivered	 Zbtb18	 siRNAs	 together	with	 p27kip1	 and	 examined	 treated	 brains	 72	 h	 later.	

Previously,	 we	 reported	 that	 suppression	 of	 Zbtb18	 expression	 using	 siRNAs	 in	 E14.5-

born	cortical	cells	 impaired	their	capacity	to	migrate	into	the	CP	of	the	embryonic	E17.5	

cortex,	and	that	this	defect	was	restored	by	co-delivery	of	a	Zbtb18	expression	construct	

which	 was	 refractory	 to	 silencing	 (Heng	 et	al.,	 2013).	 As	 shown	 in	 Figure	 4.4.3,	 while	

Zbtb18-siRNA	 treated	 cells	were	 defective	 in	 their	migration	 into	 the	 CP,	 co-delivery	 of	

p27kip1	 led	only	 to	a	modest	 increase	 in	 the	proportion	of	cells	 in	 the	CP	(Figure	4.4.3A-

C,F).	Furthermore,	we	examined	the	distribution	of	GFP-labelled	cells	within	the	CP	to	find	

that	co-delivery	of	p27kip1	did	not	correct	the	intracortical	positioning	of	Zbtb18-deficient	

cells	(Figure	4.4.3A-G).	However,	we	have	also	previously	reported	that	Zbtb18	regulates	

radial	migration	 through	 transcriptional	 regulation	of	 downstream	 target	 genes	 such	 as	

Rnd2,	 and	 that	 the	 defective	 migration	 of	 Zbtb18-deficient	 cells	 could	 be	 partially	

corrected	 by	 abrogating	 Rnd2	 expression	 (Heng	 et	 al.,	 2013;	 Ohtaka-Maruyama	 et	 al.,	

2013).	 Therefore,	 we	 reasoned	 that	 the	mechanistic	 actions	 for	 Zbtb18	 to	 signal	 radial	

migration	 within	 the	 cortex	 could	 involve	 both	 p27kip1,	 as	 well	 as	 transcriptional	

regulation	 of	Rnd2.	 This	 hypothesis	was	 directly	 tested	 by	 co-delivering	 Zbtb18	 siRNAs	

with	 p27kip1	 as	 well	 as	 a	 short	 hairpin	 RNA	 expression	 vector	 with	moderate	 silencing	

activity	 for	Rnd2	(known	as	Rnd2	shRNA1,	see	(Heng	et	al.,	2013)).	 It	was	observed	 that	

the	radial	migration	of	these	cells	was	significantly	augmented,	such	that	their	migration	

into	 the	 CP	 was	 restored	 to	 levels	 not	 significantly	 different	 to	 control	 profile	 (Figure	

4.4.3F,	44.66%	±	2.79%	in	the	CP	for	control	treatment	versus	46.01%	±	2.59%	in	the	CP	

for	Zbtb18	siRNA	+	p27kip1	+	Rnd2	shRNA1	treatment,	p	>	0.05	Bonferroni	posthoc	t-test).	

The	 same	 finding	was	 observed	 for	 the	 intracortical	 positioning	 these	 cells,	 which	was	



DOCTOR	OF	PHILOSOPHY	–	Isabel	A.	Hemming	

	
	

57	-																		-	

restored	 to	 levels	 not	 significantly	 different	 to	 control	 profile	 (Figure	 4.4.3G,	 17.99%	 ±	

1.01%	in	the	upper	CP	for	control	treatment	versus	16.09%	±	0.81%	in	the	upper	CP	for	

Zbtb18	siRNA	+	p27kip1	+	Rnd2	shRNA1	treatment,	p	>	0.05	Bonferroni	posthoc	t-test).	This	

was	 further	 confirmed	 when	 we	 analysed	 the	 phases	 of	 cell	 migration	 within	 each	

embryonic	cortical	subcompartment,	namely	the	VZ	to	IZ	migration	(Figure	4.4.3H),	IZ	to	

CP	 migration	 (Figure	 4.4.3I)	 and	 lower	 CP	 to	 upper	 CP	 migration	 (Figure	 4.4.3J).	

Treatment	 of	 cortical	 cells	 with	 Zbtb18	 siRNA	 impaired	 migration	 across	 all	

compartments.	However,	co-delivery	of	both	p27kip1	and	Rnd2	shRNA	led	to	a	significant	

improvement	in	all	phases	of	migration	by	Zbtb18-deficient	cells	to	levels	not	significantly	

different	to	the	control	profile	(Figure	4.4.3H-J).		

	

	

It	has	been	reported	 that	both	p27kip1	 and	Rnd2	mediate	cell	migration	within	 the	

embryonic	 cortex	 by	 suppressing	 RhoA	 signalling	 (Pacary	 et	 al.,	 2011;	 Nguyen	 et	 al.,	

2006).	We	therefore	investigated	if	the	defective	migration	of	Zbtb18-deficient	cells	could	

be	restored	by	co-delivery	of	an	expression	construct	encoding	a	dominant-negative	form	

of	RhoA,	(denoted	RhoA(N19)(Wennerberg	et	al.,	2003)).	Forced	expression	of	RhoA(N19)	

significantly	augmented	the	migration	of	Zbtb18	siRNA-treated	cells	to	a	profile	which	was	

not	significantly	different	to	control	treatment	in	the	CP	(Figure	4.4.3A-F;	44.66%	±	2.79%	

in	 the	 CP	 for	 control	 treatment	 versus	 49.53%	 ±	 0.35%	 in	 the	 CP	 for	 Zbtb18	 siRNA	 +	

RhoA(N19)	treatment,	p	>	0.05),	as	well	as	within	the	upper	CP	(Figure	4.4.3G;	17.99%	±	

1.01%	in	the	upper	CP	for	control	treatment	versus	21.15%	±	0.44%	in	the	upper	CP	for	

Zbtb18	siRNA	+	RhoA(N19)	treatment,	p	<	0.05	Bonferroni	posthoc	t-test).	Furthermore,	

treatment	 with	 RhoA(N19)	 corrected	 all	 phases	 of	 migration	 (Figure	 4.4.3H-J).	 We	

performed	immunostaining	with	Nestin	antibody	to	confirm	that	the	radial	glial	scaffold	of	

the	 embryonic	 cortices	 between	 treatment	 groups	 was	 not	 significantly	 perturbed	

(Supplementary	 Figure	 A.2.2.4).	 Therefore,	 these	 studies	 indicate	 that	 Zbtb18	mediates	

cell	 migration	 through	 p27kip1	 and	 Rnd2	 via	 a	 cell	 autonomous	 mechanism	 which	

phenocopies	the	suppression	of	RhoA	signalling.	
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Figure	4.4.3	-	The	defective	migration	of	Zbtb18-deficient	cells	can	be	restored	with	forced	
expression	 of	 p27kip1	 and	 concurrent	 suppression	 of	Rnd2	 by	RNAi,	 and	 this	 phenotype	 is	
reminiscent	 of	 Zbtb18-deficient	 cells	 co-treated	 with	 a	 dominant-negative	 RhoA(N19)	
expression	construct.		

(A-E)	 Representative	 images	 of	 GFP-labelled	 cells	 within	 the	 embryonic	 cortex	 following	 treatment	 with	 the	
conditions	indicated.	(F)	There	was	a	significant	interaction	between	treatment	condition	and	distribution	of	GFP-labelled	
cells	 (F8,36	 =	 106,	 p	 <	 0.0001,	 Two-way	 ANOVA,	 >700	 cells	 counted	 from	 3	 to	 4	 independent	 brains	 per	 treatment).	
Knockdown	of	Zbtb18	with	 siRNAs	 leads	 to	 significant	 decrease	 in	migration	 into	 the	CP	 (A,	 B,	 F;	 p	 <	 0.0001	Bonferroni	
posthoc	t-test),	but	CP	entry	is	only	modestly	restored	by	co-delivery	with	p27kip1	(B,	C;	f;	p	<	0.01	Bonferroni	posthoc	t-test).	
Forced	expression	of	p27kip1	alone	promotes	radial	migration	into	the	CP	(Supplementary	Figure	A.2.2.5A–D).	However,	only	
co-delivery	 of	 p27kip1	 and	Rnd2	 shRNA	 leads	 to	 a	 restoration	of	 the	migration	of	Zbtb18	 siRNA-treated	 cells	 (B,	D;	 b;	 p	 <	
0.0001	Bonferroni	posthoc	t-test)	to	levels	not	significantly	different	to	control	CP	profile.	The	radial	migration	of	Zbtb18-
deficient	cells	can	also	be	restored	by	co-delivery	of	RhoA(N19)	(B,	E;	f;	p	<	0.0001	Bonferroni	posthoc	t-test),	and	the	CP	
profile	 is	 not	 significantly	 different	 to	 control.	 (f)	 Quantification	 of	 the	 proportion	 of	 GFP-expressing	 cells	 within	 each	
subcompartment	of	the	embryonic	(E17.5)	cortex.	(G)	There	was	a	significant	interaction	between	treatment	condition	and	
distribution	of	GFP-expressing	cells	within	the	lower,	medial	and	upper	cortical	plate	(lCP,	mCP	and	uCP,	respectively)	(F8,33	
=	9.0,	p	<	0.0001,	Two-way	ANOVA,	>700	cells	 counted	 from	3	 to	4	 independent	brains	per	 treatment).	 (H)	The	VZ	 to	 IZ	
phase	of	migration	 calculated	 across	 treatment	 groups	 (F4,12	 =	 39,	p	 <	 0.001	One-way	ANOVA).	 (I)	The	 IZ	 to	CP	phase	of	
migration	calculated	across	treatment	groups	(F4,12	=	99,	p	<	0.001	One-way	ANOVA).	(J)	The	lower	CP	to	upper	CP	phase	of	
migration	 calculated	 across	 treatment	 groups	 (F4,12	 =	 19,	 p	 <	 0.001	 One-way	 ANOVA).	 One-way	 ANOVA	 followed	 by	
Bonferroni’s	posthoc	t-test;	*p	<	0.05,	**p	<	0.01,	***p	<	0.001	for	(H)	to	(J).	Scale	bar	represents	100	μm.	
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Radial	migration	by	cortical	neurons	 involves	a	series	of	dynamic	changes	 to	 their	

morphologies	 which,	 in	 turn,	 culminate	 in	 directional	 movement	 as	 multipolar-shaped	

neurons	or	as	bipolar-shaped	cells	(Kriegstein	and	Noctor,	2004;	LoTurco	and	Bai,	2006).	

As	newborn	neurons	leave	the	germinal	VZ/SVZ,	they	migrate	as	bipolar	shaped	neurons	

then	 transit	as	multipolar-shaped	neurons	within	 the	 IZ.	Finally,	 these	neurons	undergo	

multipolar-to-bipolar	 transition,	 engage	 a	 radial	 glial	 fibre	 and	 then	 migrate	 to	 their	

appropriate	position	within	the	cortical	plate.	The	appropriate	position	occurs	through	the	

elongation	of	the	leading	process	followed	by	somal	movement,	termed	radial	glial-guided	

locomotion.	We	performed	high	power	confocal	microscopy	on	GFP-labelled	cortical	cells	

within	 the	 IZ	 and	 CP	 in	 each	 of	 our	 treatment	 conditions	 in	 order	 to	 understand	 how	

modulation	 of	 Zbtb18,	 p27kip1	 and	 Rnd2	 expression	 influenced	 their	 morphology.	 We	

found	 that	knockdown	of	Zbtb18	 resulted	 in	an	accumulation	of	multipolar-shaped	cells	

with	 very	 short	 processes	 interspersed	 amongst	 round-shaped	 cells	 within	 the	

intermediate	zone	(Figure	4.4.4A-F),	consistent	with	previous	reports	(Ohtaka-Maruyama	

et	 al.,	 2013;	 Heng	 et	 al.,	 2013;	 Pacary	 et	 al.,	 2011).	 Forced	 expression	 of	 p27kip1	

significantly	restored	the	morphological	profiles	of	Zbtb18-deficient	cells	to	control	levels	

within	 the	 IZ,	 suggesting	 that	 p27kip1	 and	 Zbtb18	 may	 share	 common	 functions	 for	

mediating	the	shapes	of	IZ	cells	(Figure	4.4.4A-F).	However,	within	the	CP	compartment,	

forced	expression	of	p27kip1	could	not	restore	 the	elevated	proportion	of	round	cells	and	

concomitant	 reduction	 in	 uni/bipolar	 shaped	neurons	 (Figure	 4.4.4G-I,M).	 Furthermore,	

we	found	that	knockdown	of	Zbtb18	results	in	a	significant	reduction	in	the	length	of	the	

leading	processes	of	CP	neurons	and	 forced	expression	of	p27kip1	 also	 could	not	 restore	

this	 feature	 (Figure	 4.4.4G-I,L,N).	 In	 contrast,	 however,	 treatment	with	 both	 p27kip1	and	

Rnd2	shRNA	restored	the	morphological	profiles	of	Zbtb18-deficient	neurons	to	levels	not	

significantly	 different	 to	 control	 treatment	 (Figure	 4.4.4F	 and	 5.4.4M	 for	 IZ	 and	 CP	 cell	

shape	 distributions,	 respectively),	 suggesting	 that	 p27kip1	 and	 Zbtb18	 (through	

suppression	of	Rnd2)	are	both	required	to	regulate	distinct	morphological	characteristics	

of	embryonic	cortical	neurons	over	the	course	of	their	radial	migration.	Furthermore,	we	

observed	 that	 the	 morphological	 profiles	 for	 Zbtb18-deficient	 cells	 co-treated	 with	

RhoA(N19)	were	 also	 restored	 to	 levels	 not	 significantly	 different	 to	 control	 treatment	

(Figure	4.4.4F-N).	Thus,	our	findings	suggest	that	the	defective	morphological	properties	

of	 Zbtb18-deficient	 cells	 can	 be	 corrected	 by	 augmenting	 p27kip1	 levels	 in	 combination	

with	suppression	of	Rnd2,	and	that	these	restorative	effects	on	cell	shape	are	reminiscent	

of	a	molecular	mechanism	involving	suppression	of	RhoA	signalling.		
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Figure	4.4.4	-	The	effects	of	p27kip1	and	Rnd2	abrogation	on	the	morphology	of	Zbtb18	siRNA-
treated	embryonic	cortical	neurons.		

(A-E)	Representative	images	of	IZ	neurons	from	each	treatment	group.	(F)	There	is	a	significant	interaction	between	
the	distribution	of	round,	uni/bipolar	and	multipolar	cell	shapes	and	treatment	condition	(F8,60	=	20,	p	<	0.0001,	Two-way	
ANOVA	followed	by	Bonferroni’s	posthoc	t-test,	>300	cells	counted	from	3	to	4	independent	brains	per	treatment),	with	a	
significant	increase	in	the	proportion	of	multipolar	cells	and	a	concomitant	decrease	in	uni/bipolar	shaped	cells	upon	Zbtb18	
siRNA	 treatment	 (p	 <	 0.001	Bonferroni	 posthoc	 t-test).	 (G-K)	Representative	 images	 of	 CP	 neurons	 from	 each	 treatment	
group.	(L)	Pie	charts	plotting	distribution	of	the	lengths	of	leading	processes	of	uni/bipolar	shaped	neurons	within	the	CP	
for	 each	 treatment	 condition.	 (M)	 There	 is	 a	 significant	 interaction	 between	 the	 distribution	 of	 round,	 uni/bipolar	 and	
multipolar	cell	shapes	and	treatment	condition	(F8,60	=	12,	p	<	0.0001,	Two-way	ANOVA	followed	by	Bonferroni’s	posthoc	t-
test,	 >300	 cells	 counted	 from	 3	 to	 4	 independent	 brains	 per	 treatment),	with	 a	 significant	 increase	 in	 the	 proportion	 of	
round	 cells	 and	 a	 concomitant	 decrease	 in	multipolar	 shaped	 cells	 upon	 Zbtb18	 siRNA	 treatment	 (p	 <	 0.001	 Bonferroni	
posthoc	t-test).	(N)	The	average	lengths	of	leading	process	of	uni/bipolar	shaped	neurons	is	decreased	upon	Zbtb18	siRNA	
treatment,	and	this	is	restored	by	co-treatment	with	p27kip1	and	Rnd2	shRNA1	or	RhoA(N19)	(F4,1187	=	211,	p	<	0.0001,	One-
way	ANOVA,	>160	neurons	analysed	per	treatment	group).	Scale	bars	represent	20	μm.	
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4.5 DISCUSSION	

In	 this	 study,	 we	 have	 revealed	 cooperative	 functions	 for	 Zbtb18	 and	 the	 cyclin-

dependent	 kinase	 inhibitor	 p27kip1	 during	 the	 development	 of	 the	 embryonic	 mouse	

cerebral	cortex.	The	results	indicate	that	suppression	of	Zbtb18	leads	to	a	transient	loss	of	

p27kip1,	 and	 that	 forced	 expression	 of	 p27kip1	 restores	 the	 defective	 cell	 cycle	 exit	 and	

radial	 migration	 of	 Zbtb18-deficient	 cortical	 cells	 from	 the	 germinal	 VZ/SVZ	 to	 the	 IZ.	

Furthermore,	 the	defective	CP	migration	of	Zbtb18-deficient	cells	could	only	be	restored	

by	p27kip1	in	combination	with	down-regulation	of	Rnd2	by	RNAi,	and	the	cellular	features	

of	 these	 neurons	 are	 consistent	 with	 a	 mechanism	 involving	 downregulation	 of	 RhoA	

signalling.	Thus,	our	findings	support	a	role	for	Zbtb18	and	p27kip1	in	jointly	coordinating	

cell	cycle	exit	and	the	early	(VZ/SVZ-to-IZ)	phase	of	cell	migration	within	the	developing	

cerebral	cortex.	On	the	other	hand,	the	capacity	for	cortical	cells	to	undergo	the	late	(IZ-to-

CP)	phase	of	migration	 involves	distinct	 functions	mediated	by	p27kip1	and	Zbtb18-Rnd2	

signalling	pathways	(see	Supplementary	Figure	A.2.2.6).	

	

Zbtb18	 deficiency	 during	 embryogenesis	 leads	 to	 profound	 defects	 in	 cortical	

development,	 including	 cell	 proliferation,	 differentiation	 and	 tissue	 morphogenesis	

(Ohtaka-Maruyama	et	al.,	2013;	Hirai	et	al.,	2012;	Xiang	et	al.,	2011;	Yokoyama	et	al.,	2009;	

Okado	 et	 al,	 2009).	 However,	 a	 precise	 understanding	 of	 its	mechanistic	 actions	 on	 the	

development	 of	 distinct	 neural	 cell	 types	 is	 only	 beginning	 to	 emerge.	 A	 recent	 study	

found	 that	 loss	 of	 Zbtb18	 led	 to	 aberrant	 neuroprogenitor	 proliferation	 and	 precocious	

gliogenesis	 through	a	molecular	mechanism	involving	de-repression	of	 Id	genes.	 In	 turn,	

this	 resulted	 in	 the	 elevation	of	 steady	 state	 levels	 of	 the	CDKI	p57kip2	in	 the	 embryonic	

cortex	 (Hirai	et	al.,	 2012).	However,	while	 Ids	 are	 known	 to	 influence	 the	 expression	of	

multiple	 CDKIs	 (Lasorella	 et	al.,	 2014;	 Garrett-Engele	 et	al.,	 2007;	 Pagliuca	 et	al.,	 2000),	

levels	of	p27kip1	were	not	significantly	disrupted	in	Zbtb18	heterozygous	and	homozygous	

cortices	(Hirai	et	al.,	2012).	Crucially,	the	findings	provide	evidence	that	Zbtb18	deficiency	

leads	 to	 a	 transient	 loss	 in	 p27kip1	 expression,	 with	 consequences	 to	 cell	 cycle	 exit,	

neurogenesis	and	radial	migration	likely	through	multiple	signals	(see	summary	diagram	

in	Supplementary	Figure	A.2.2.6).	In	neuroprogenitors,	Zbtb18	directly	represses	the	cell	

cycle	regulatory	genes	Id1–4	(Hirai	et	al.,	2012),	and	Id3	is	a	repressor	of	p27kip1	(Garrett-

Engele	et	al.,	2007).	Based	on	the	findings,	it	is	hypothesised	that	Zbtb18	deficiency	results	

in	defective	cell	cycle	progression	attributable	to	de-repression	of	Id3	in	VZ/SVZ	cells	(see	

Figure	22	of	(Hirai	et	al.,	2012)),	which	in	turn,	 leads	to	a	transient	 loss	of	p27kip1	within	

this	 sub-compartment	 of	 the	 embryonic	 cortex.	However,	 the	 subsequent	 restoration	 of	

p27kip1	 in	 IZ	 cells	 is	 more	 difficult	 to	 explain,	 and	 remains	 to	 be	 clarified	 in	 future	
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investigations.	Regardless,	our	data	is	consistent	with	the	notion	that	Zbtb18	and	p27kip1	

signal	cell	cycle	exit	through	distinct	pathways,	since	we	observed	that	forced	expression	

of	 p27kip1	 in	 Zbtb18-deficient	 cells	 resulted	 in	 the	 suppression	 of	 proliferation	markers	

Ki67	and	pHH3	to	levels	beyond	control	treatment.	

	

As	cortical	neuroprogenitors	undergo	cell	division,	p27kip1	drives	cell	cycle	exit	and	

these	cells	subsequently	express	the	proneural	TF		Neurog2.	This	specifies	their	identity	as	

excitatory,	glutamatergic	neurons	(Guillemot	and	Hassan,	2017;	Schuurmans	et	al.,	2002).	

Also,	Neurog2	initiates	a	gene	regulatory	programme	for	cell	migration	which	involves	the	

transcriptional	 activation	 of	 downstream	 target	 genes	 including	 Rnd2	 (Heng	 and	

Guillemot,	 2013;	 Heng	 et	 al.,	 2010;	 Merot	 et	 al.,	 2009).	 In	 parallel,	 the	 transcriptional	

repressor	 activity	 of	 Zbtb18	 is	 critical	 for	 negatively	 regulating	Neurog2	 expression	 in	

cortical	 cells	 to	 coordinate	 timing	 of	 neurogenesis	 (Ohtaka-Maruyama	 et	 al.,	 2013).	

Crucially,	p27kip1	stabilises	Neurog2	protein,	thus	promoting	neurodifferentiation	(Nguyen	

et	al.,	2006).	Hence,	the	current	findings	suggest	that	the	defects	in	cortical	neurogenesis	

as	 a	 consequence	 of	Zbtb18-deficiency	 are	 also	 attributable	 to	 a	 transient	 fluctuation	 in	

p27kip1	 levels.	 This,	 in	 turn,	 would	 negatively	 influence	 Neurog2	 levels	 and	 ultimately	

disrupt	proneural	 transcriptional	regulation	 in	embryonic	cortical	cells.	Our	 findings	are	

therefore	 consistent	 with	 a	 model,	 which	 reconciles	 the	 transcriptional	 regulatory	

functions	 for	 Zbtb18	with	 an	 epistatic	mechanism	 for	 cell	 cycle	 exit	 involving	 signalling	

cooperativity	with	p27kip1	(Supplementary	Figure	A.2.2.6).	

	

In	contrast	to	the	epistatic	effects	of	Zbtb18	and	p27kip1	on	cell	proliferation,	we	find	

that	 treatment	with	Zbtb18	 siRNAs	 led	 to	 a	 reduction	 in	 expression	of	 the	 intermediate	

progenitor	 marker	 Tbr2,	 and	 that	 forced	 expression	 of	 p27kip1	 or	 p27kip1ck-	 was	 not	

restorative	 for	 this	 defect.	While	 an	 investigation	 to	 establish	 the	 underlying	molecular	

mechanisms	 for	 these	 effects	 is	 beyond	 the	 scope	 of	 our	 present	 study,	 our	 result	 is	 in	

contrast	 to	 a	 previous	 finding	 that	 Zbtb18	 nullizygous	mouse	 cortices	 display	 elevated	

numbers	 of	 Tbr2-immunopositive	 cells	 (Ohtaka-Maruyama	 et	 al.,	 2013;	 Okado	 et	 al.,	

2009).	 We	 believe	 that	 these	 observations	 point	 to	 distinct	 effects	 on	 intermediate	

progenitors	 which	 differ	 between	 acute	 loss	 of	 Zbtb18	 expression	 following	 siRNA	

treatment	(reported	in	our	study	and	in	(Heng	et	al.,	2013))	versus	chronic	loss	of	Zbtb18	

in	 homozygous	 mutant	 (Zbtb18−/−)	 mice	 (Ohtaka-Maruyama	 et	 al.,	 2013;	 Okado	 et	 al.,	

2009).	A	 recent	 study	 in	which	 the	 authors	performed	 in	utero	electroporation	of	E14.5	

cortices	 to	 introduce	 Cre	 recombinase	 into	 ZBTB18fl/fl	 mice,	 deleting	 reported	 no	

significant	effect	on	Tbr2	immunostaining	in	 labelled	cells	24	h	after	treatment	(Ohtaka-
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Maruyama	 et	al.,	 2013).	 However,	 it	was	 reported	 that	 this	 Cre	 electroporation	 did	 not	

lead	to	complete	loss	of	Zbtb18	protein	expression	after	24h,	which	is	likely	to	explain	the	

lack	of	effect	on	Tbr2	expression.	Collectively,	these	data	demonstrate	a	temporal	effect	of	

Zbtb18	 disruption	 on	 the	 development	 of	 cortical	 neuroprogenitors	 during	 embryonic	

development.	

	

In	newborn	postmitotic	neurons,	Zbtb18	negatively	regulates	levels	of	Rnd2	within	

migrating	cortical	neurons	to	guide	cells	to	their	appropriate	positions	within	the	cortex	

(Heng	 et	al.,	 2013;	 Ohtaka-Maruyama	 et	al.,	 2013).	We	 previously	 reported	 that	 Zbtb18	

regulates	 radial	migration	 through	Rnd2,	 but	we	 also	 recognised	 that	 additional	 signals	

were	at	play,	 since	abrogation	of	Rnd2	 expression	was	not	 sufficient	 to	 fully	 restore	 the	

defective	migration	of	Zbtb18-deficient	cells	(Heng	et	al.,	2013).	Based	on	the	results	from	

our	current	study,	we	 find	 that	 the	defective,	early	(VZ/SVZ	to	 IZ)	phase	of	migration	of	

Zbtb18-deficient	 cells	 can	be	 restored	by	 co-delivery	of	p27kip1,	while	 the	 late	 (IZ	 to	CP)	

phase	of	migration	can	only	be	restored	by	manipulation	of	both	p27kip1	and	Zbtb18-Rnd2	

signalling.	It	is	acknowledged	that	the	results	are	based	on	gain-of-function	approaches	to	

augment	p27kip1	in	cells.	However,	it	is	believed	they	are	sufficient	to	draw	the	conclusion	

that	 Zbtb18	 influences	CDKI	 activity	 in	VZ/SVZ	 cells	 to	 drive	neuroprogenitor	 cell	 cycle	

exit	and	migration	into	the	IZ.	In	addition,	the	results	support	the	notion	of	parallel	signals	

from	 a	 CDKI	 such	 as	 p27kip1	 combine	 with	 Zbtb18-Rnd2	 signalling	 for	 the	 appropriate	

positioning	of	neurons	within	the	CP.	Presently,	it	is	recognised	that	forced	expression	of	

p57kip2	 restores	 the	 defective	 proliferation	 of	 E14.5-treated	 cells	 of	 Zbtb18-nullizygous	

mouse	cortices	(Hirai	et	al.,	2012).	However,	knockdown	of	p57kip2	impairs	the	migration	

of	 E14.5-born	 mouse	 cortical	 neurons	 (Itoh	 et	 al.,	 2007),	 yet	 Nguyen	 and	 colleagues	

reported	that	forced	expression	of	p57kip2	did	not	significantly	enhance	migration	(Nguyen	

et	al.,	 2006).	 Taken	 together,	 given	 the	 potencies	 of	 both	 CDKIs	 p27kip1	 and	 p57kip2,	 our	

study	 is	 consistent	 with	 the	 notion	 that	 p27kip1	 is	 a	 crucial,	 physiologically-relevant	

effector	 for	 coordinating	neurodifferentiation	 and	 cell	migration	 in	 concert	with	Zbtb18	

within	the	E14.5	embryonic	cortex.	

	

Cell	motility	 is	orchestrated	by	the	activities	of	small	GTPases,	 including	RhoA	and	

Rac1,	 in	order	to	 form	a	 leading	process	and	to	retract	the	trailing	process,	respectively,	

for	 directional	 movement	 (Ridley	 et	al.,	 2003).	 In	 fibroblasts,	 RhoA	 signalling	 is	 down-

regulated	 by	 p27kip1	 to	 enable	 cells	 to	 limit	 the	 formation	 of	 stress	 fibres	 and	 focal	

adhesions	which	can	impair	their	motility	(Besson	et	al.,	2004).	Similarly,	p27kip1	is	found	

to	 downregulate	 RhoA	 signalling	 in	 cortical	 neurons	 to	 facilitate	 their	 radial	 migration	
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(Nguyen	 et	 al.,	 2006).	 While	 these	 lines	 of	 evidence	 indicate	 that	 RhoA	 signalling	 is	

relevant	 to	migration,	appropriate	 levels	of	Rnd2	are	also	crucial	 to	downregulate	RhoA	

signalling	during	this	process	(Pacary	et	al.,	2011;	Heng	et	al.,	2008).	In	our	study,	we	find	

that	 the	 defective	 migration	 of	 Zbtb18-deficient	 neurons	 could	 be	 restored	 by	 forced	

expression	 of	 p27kip1,	 while	 simultaneously	 suppressing	 Rnd2	 expression	 via	 RNAi.	

Furthermore,	 the	 defective	 migration	 of	 Zbtb18-deficient	 cells	 within	 the	 embryonic	

cortex	 could	 be	 corrected	 by	 suppressing	 RhoA	 signalling	 by	 forced	 expression	 of	 a	

dominant-negative	 (N19)	 variant.	 Based	 on	 our	 results,	 we	 thus	 conclude	 that	 the	 co-

presence	of	Zbtb18	and	p27kip1	in	embryonic	cortical	cells	drives	radial	migration	through	

parallel	mechanisms	which	converge	to	suppress	RhoA	signalling.	Notably,	our	results	are	

consistent	with	the	notion	that	RhoA	signalling	requires	distinct	upstream	triggers	(Xu	et	

al.,	 2015;	 Pacary	et	al.,	 2011;	Ridley	et	al.,	 2003;	Riento	 and	Ridley,	 2003),	 since	p27kip1	

cannot	substitute	for	the	defective	migration	and	cell	morphological	properties	of	Zbtb18-

deficient	 neurons	 within	 the	 CP.	 Taken	 altogether,	 our	 results	 therefore	 raise	 the	

hypothesis	 for	 a	 dual-signalling	 cascade	 involving	 Zbtb18-p27kip1	 and	 Zbtb18-Rnd2	

pathways	which,	in	turn,	co-ordinately	suppress	RhoA	signalling	to	modulate	the	neuronal	

cytoskeleton	and	drive	efficient	radial	migration	into	the	CP.	As	such,	our	study	provides	a	

compelling	account	of	the	molecular	 interplay	between	TFs	and	cyclin-dependent	kinase	

inhibition	 to	promote	cell	 cycle	exit	and	radial	migration	during	 the	development	of	 the	

cerebral	 cortex.	 Future	 work	will	 address	 the	 subcellular	 regulation	 of	 RhoA	 signalling	

which	underlies	the	functional	cooperativity	of	Zbtb18	and	p27kip1	in	these	critical	cellular	

processes	for	the	assembly	of	functional	neural	circuits	in	the	central	nervous	system.	
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4.8 POST	PUBLICATION	CORRECTION	

After	 publication	 of	 the	 original	 article	 it	 was	 realised	 that	 there	 were	 errors	 in	

figures	2A,B,F,G	(Figure	4.4.2	A,B,F,G	in	this	chapter),	which	arose	as	a	result	of	preparing	

figures	from	data	collected	and	analysed	at	the	same	time	as	the	work	reported	in	(Heng	et	

al.,	 2013)	 (Supplementary	 Figure	 1	 of	 (Heng	 et	al.,	 2013)).	 	 An	 updated	 Figure	 4.4.2	 is	

included	 within	 this	 Chapter	 and	 the	 original	 has	 been	 included	 within	 Appendix	 A	

subsection	A.2.1,	with	the	post-publication	correction	in	subsection	A.2.3.		

	

4.9 REFERENCES
Besson,	A.,	M.	Gurian-West,	A.	Schmidt,	A.	Hall	and	 J.	M.	

Roberts	 (2004).	 "p27Kip1	 modulates	 cell	
migration	 through	 the	 regulation	 of	 RhoA	
activation."	Genes	Dev	18(8):	862-876.	

	
Breuss,	M.,	J.	I.	Heng,	K.	Poirier,	G.	Tian,	X.	H.	Jaglin,	Z.	Qu,	

A.	 Braun,	 T.	 Gstrein,	 L.	 Ngo,	 M.	 Haas,	 N.	 Bahi-
Buisson,	M.	L.	Moutard,	S.	Passemard,	A.	Verloes,	
P.	 Gressens,	 Y.	 Xie,	 K.	 J.	 Robson,	 D.	 S.	 Rani,	 K.	
Thangaraj,	T.	Clausen,	 J.	Chelly,	N.	 J.	Cowan	and	
D.	 A.	 Keays	 (2012).	 "Mutations	 in	 the	 beta-
tubulin	 gene	 TUBB5	 cause	 microcephaly	 with	
structural	 brain	 abnormalities."	 Cell	 Rep	 2(6):	
1554-1562.	

	
Garrett-Engele,	C.	M.,	M.	A.	Tasch,	H.	C.	Hwang,	M.	L.	Fero,	

R.	M.	Perlmutter,	B.	E.	Clurman	and	J.	M.	Roberts	
(2007).	 "A	 mechanism	 misregulating	 p27	 in	
tumors	 discovered	 in	 a	 functional	 genomic	
screen."	PLoS	Genet	3(12):	e219.	

	
Gladwyn-Ng,	 I.	 E.,	 S.	 S.	 Li,	 Z.	 Qu,	 J.	 M.	 Davis,	 L.	 Ngo,	 M.	

Haas,	J.	Singer	and	J.	I.	Heng	(2015).	"Bacurd2	is	
a	 novel	 interacting	 partner	 to	 Rnd2	 which	
controls	 radial	migration	within	 the	developing	
mammalian	cerebral	cortex."	Neural	Dev	10:	9.	

	
Godin,	 J.	D.,	N.	Thomas,	 S.	 Laguesse,	L.	Malinouskaya,	P.	

Close,	 O.	 Malaise,	 A.	 Purnelle,	 O.	 Raineteau,	 K.	
Campbell,	M.	 Fero,	 G.	Moonen,	 B.	Malgrange,	 A.	
Chariot,	 C.	 Metin,	 A.	 Besson	 and	 L.	 Nguyen	
(2012).	 "p27(Kip1)	 is	 a	microtubule-associated	
protein	 that	 promotes	 microtubule	
polymerization	 during	 neuron	 migration."	 Dev	
Cell	23(4):	729-744.	

	
Guillemot,	 F.	 and	 B.	 A.	 Hassan	 (2017).	 "Beyond	

proneural:	 emerging	 functions	 and	 regulations	
of	proneural	proteins."	Curr	Opin	Neurobiol	42:	
93-101.	

	
Gupta,	A.,	L.	H.	Tsai	and	A.	Wynshaw-Boris	(2002).	"Life	

is	 a	 journey:	 A	 genetic	 look	 at	 neocortical	
development."	 Nature	 Reviews	 Genetics	 3(5):	
342-355.	

	
Haas,	M.	A.,	L.	Ngo,	S.	S.	Li,	S.	Schleich,	Z.	Qu,	H.	K.	Vanyai,	

H.	D.	Cullen,	A.	Cardona-Alberich,	 I.	E.	Gladwyn-
Ng,	A.	T.	Pagnamenta,	J.	C.	Taylor,	H.	Stewart,	U.	
Kini,	K.	E.	Duncan,	A.	A.	Teleman,	D.	A.	Keays	and	
J.	 I.	 Heng	 (2016).	 "De	Novo	Mutations	 in	DENR	
Disrupt	 Neuronal	 Development	 and	 Link	
Congenital	 Neurological	 Disorders	 to	 Faulty	

mRNA	 Translation	 Re-initiation."	 Cell	 Rep	
15(10):	2251-2265.	

	
Hand,	 R.,	 D.	 Bortone,	 P.	Mattar,	 L.	 Nguyen,	 J.	 I.	 Heng,	 S.	

Guerrier,	 E.	 Boutt,	 E.	 Peters,	 A.	 P.	 Barnes,	 C.	
Parras,	 C.	 Schuurmans,	 F.	 Guillemot	 and	 F.	
Polleux	 (2005).	 "Phosphorylation	 of	
Neurogenin2	 specifies	 the	migration	 properties	
and	 the	 dendritic	 morphology	 of	 pyramidal	
neurons	in	the	neocortex."	Neuron	48(1):	45-62.	

	
Heng,	J.	and	F.	Guillemot	(2013).	"Proneural	Proteins	and	

the	 Development	 of	 the	 Cerebral	 Cortex."	
Cortical	 Development:	 Neural	 Diversity	 and	
Neocortical	Organization	14	-	41.	

	
Heng,	 J.	 I.,	 A.	 Chariot	 and	 L.	Nguyen	 (2010).	 "Molecular	

layers	 underlying	 cytoskeletal	 remodelling	
during	 cortical	 development."	 Trends	 Neurosci	
33(1):	38-47.	

	
Heng,	J.	I.,	L.	Nguyen,	D.	S.	Castro,	C.	Zimmer,	H.	Wildner,	

O.	Armant,	D.	Skowronska-Krawczyk,	F.	Bedogni,	
J.	M.	Matter,	R.	Hevner	and	F.	Guillemot	(2008).	
"Neurogenin	 2	 controls	 cortical	 neuron	
migration	 through	 regulation	 of	 Rnd2."	 Nature	
455(7209):	114-118.	

	
Heng,	 J.	 I.,	 Z.	 Qu,	 C.	 Ohtaka-Maruyama,	 H.	 Okado,	 M.	

Kasai,	 D.	 Castro,	 F.	 Guillemot	 and	 S.	 S.	 Tan	
(2013).	 "The	 zinc	 finger	 transcription	 factor	
RP58	negatively	 regulates	Rnd2	 for	 the	 control	
of	 neuronal	 migration	 during	 cerebral	 cortical	
development."	Cereb	Cortex	25(3):	806-816.	

	
Hirai,	 S.,	 A.	 Miwa,	 C.	 Ohtaka-Maruyama,	 M.	 Kasai,	 S.	

Okabe,	 Y.	 Hata	 and	 H.	 Okado	 (2012).	 "RP58	
controls	neuron	and	astrocyte	differentiation	by	
downregulating	the	expression	of	Id1-4	genes	in	
the	 developing	 cortex."	 EMBO	 J	 31(5):	 1190-
1202.	

	
Itoh,	Y.,	N.	Masuyama,	K.	Nakayama,	K.	I.	Nakayama	and	

Y.	 Gotoh	 (2007).	 "The	 cyclin-dependent	 kinase	
inhibitors	 p57	 and	 p27	 regulate	 neuronal	
migration	in	the	developing	mouse	neocortex."	J	
Biol	Chem	282(1):	390-396.	

	
Kawauchi,	T.,	K.	Chihama,	Y.	Nabeshima	and	M.	Hoshino	

(2006).	 "Cdk5	 phosphorylates	 and	 stabilizes	
p27kip1	 contributing	 to	 actin	 organization	 and	
cortical	neuronal	migration."	Nat	Cell	Biol	8(1):	
17-26.	

	



DOCTOR	OF	PHILOSOPHY	–	Isabel	A.	Hemming	

	
	

66	-																		-	

Kriegstein,	 A.	 R.	 and	 S.	 C.	 Noctor	 (2004).	 "Patterns	 of	
neuronal	 migration	 in	 the	 embryonic	 cortex."	
Trends	Neurosci	27(7):	392-399.	

	
Lasorella,	A.,	R.	Benezra	and	A.	Iavarone	(2014).	"The	ID	

proteins:	master	regulators	of	cancer	stem	cells	
and	 tumour	 aggressiveness."	 Nat	 Rev	 Cancer	
14(2):	77-91.	

	
Marin,	O.	and	J.	L.	Rubenstein	(2003).	"Cell	migration	in	

the	forebrain."	Annu	Rev	Neurosci	26:	441-483.	
	
Merot,	 Y.,	 S.	 Retaux	 and	 J.	 I.	 Heng	 (2009).	 "Molecular	

mechanisms	 of	 projection	 neuron	 production	
and	 maturation	 in	 the	 developing	 cerebral	
cortex."	Semin	Cell	Dev	Biol	20(6):	726-734.	

	
Molyneaux,	B.	J.,	P.	Arlotta,	J.	R.	Menezes	and	J.	D.	Macklis	

(2007).	 "Neuronal	 subtype	 specification	 in	 the	
cerebral	 cortex."	 Nat	 Rev	 Neurosci	 8(6):	 427-
437.	

	
Ngo,	L.,	M.	Haas,	Z.	Qu,	S.	S.	Li,	J.	Zenker,	K.	S.	Teng,	J.	M.	

Gunnersen,	M.	 Breuss,	M.	Habgood,	D.	 A.	 Keays	
and	 J.	 I.	 Heng	 (2014).	 "TUBB5	 and	 its	 disease-
associated	 mutations	 influence	 the	 terminal	
differentiation	 and	 dendritic	 spine	 densities	 of	
cerebral	 cortical	 neurons."	 Hum	 Mol	 Genet	
23(19):	5147-5158.	

	
Nguyen,	 L.,	 A.	 Besson,	 J.	 I.	 Heng,	 C.	 Schuurmans,	 L.	

Teboul,	C.	Parras,	A.	Philpott,	J.	M.	Roberts	and	F.	
Guillemot	 (2006).	 "p27kip1	 independently	
promotes	 neuronal	 differentiation	 and	
migration	 in	 the	 cerebral	 cortex."	 Genes	 Dev	
20(11):	1511-1524.	

	
Ohtaka-Maruyama,	 C.,	 S.	 Hirai,	 A.	 Miwa,	 J.	 I.	 Heng,	 H.	

Shitara,	R.	Ishii,	C.	Taya,	H.	Kawano,	M.	Kasai,	K.	
Nakajima	and	H.	Okado	(2013).	"RP58	regulates	
the	 multipolar-bipolar	 transition	 of	 newborn	
neurons	 in	the	developing	cerebral	cortex."	Cell	
Rep	3(2):	458-471.	

	
Okado,	H.,	C.	Ohtaka-Maruyama,	Y.	Sugitani,	Y.	Fukuda,	R.	

Ishida,	S.	Hirai,	A.	Miwa,	A.	Takahashi,	K.	Aoki,	K.	
Mochida,	 O.	 Suzuki,	 T.	 Honda,	 K.	 Nakajima,	 M.	
Ogawa,	T.	Terashima,	J.	Matsuda,	H.	Kawano	and	
M.	Kasai	 (2009).	 "The	 transcriptional	 repressor	
RP58	 is	 crucial	 for	 cell-division	 patterning	 and	
neuronal	survival	in	the	developing	cortex."	Dev	
Biol	331(2):	140-151.	

	
Pacary,	 E.,	 J.	 Heng,	 R.	 Azzarelli,	 P.	 Riou,	 D.	 Castro,	 M.	

Lebel-Potter,	C.	Parras,	D.	M.	Bell,	A.	J.	Ridley,	M.	
Parsons	 and	 F.	 Guillemot	 (2011).	 "Proneural	
transcription	 factors	 regulate	 different	 steps	 of	
cortical	 neuron	 migration	 through	 Rnd-
mediated	 inhibition	 of	RhoA	 signaling."	Neuron	
69(6):	1069-1084.	

	
Pagliuca,	 A.,	 P.	 Gallo,	 P.	 De	 Luca	 and	 L.	 Lania	 (2000).	

"Class	 A	 helix-loop-helix	 proteins	 are	 positive	
regulators	 of	 several	 cyclin-dependent	 kinase	
inhibitors'	 promoter	 activity	 and	 negatively	
affect	 cell	 growth."	 Cancer	 Res	 60(5):	 1376-
1382.	

	

Ridley,	A.	J.,	M.	A.	Schwartz,	K.	Burridge,	R.	A.	Firtel,	M.	H.	
Ginsberg,	 G.	 Borisy,	 J.	 T.	 Parsons	 and	 A.	 R.	
Horwitz	 (2003).	 "Cell	 migration:	 integrating	
signals	 from	 front	 to	back."	 Science	302(5651):	
1704-1709.	

	
Riento,	K.	and	A.	J.	Ridley	(2003).	"Rocks:	multifunctional	

kinases	in	cell	behaviour."	Nat	Rev	Mol	Cell	Biol	
4(6):	446-456.	

	
Schuurmans,	 C.	 and	 F.	 Guillemot	 (2002).	 "Molecular	

mechanisms	underlying	cell	fate	specification	in	
the	 developing	 telencephalon."	 Curr	 Opin	
Neurobiol	12(1):	26-34.	

	
Takahashi,	 T.,	 R.	 S.	 Nowakowski	 and	 V.	 S.	 Caviness,	 Jr.	

(1996).	"The	leaving	or	Q	fraction	of	the	murine	
cerebral	 proliferative	 epithelium:	 a	 general	
model	 of	 neocortical	 neuronogenesis."	 J	
Neurosci	16(19):	6183-6196.	

	
Tarui,	T.,	T.	Takahashi,	R.	S.	Nowakowski,	N.	L.	Hayes,	P.	

G.	 Bhide	 and	 V.	 S.	 Caviness	 (2005).	
"Overexpression	of	p27	Kip	1,	probability	of	cell	
cycle	exit,	and	laminar	destination	of	neocortical	
neurons."	Cereb	Cortex	15(9):	1343-1355.	

	
Wennerberg,	 K.,	 M.	 A.	 Forget,	 S.	 M.	 Ellerbroek,	 W.	 T.	

Arthur,	K.	Burridge,	J.	Settleman,	C.	J.	Der	and	S.	
H.	 Hansen	 (2003).	 "Rnd	 proteins	 function	 as	
RhoA	 antagonists	 by	 activating	 p190	 RhoGAP."	
Curr	Biol	13(13):	1106-1115.	

	
Xiang,	 C.,	 V.	 Baubet,	 S.	 Pal,	 L.	Holderbaum,	V.	 Tatard,	 P.	

Jiang,	 R.	 V.	 Davuluri	 and	 N.	 Dahmane	 (2012).	
"RP58/ZNF238	 directly	 modulates	
proneurogenic	 gene	 levels	 and	 is	 required	 for	
neuronal	 differentiation	 and	 brain	 expansion."	
Cell	Death	Differ	19(4):	692-702.	

	
Xu,	 C.,	 Y.	 Funahashi,	 T.	 Watanabe,	 T.	 Takano,	 S.	

Nakamuta,	 T.	 Namba	 and	 K.	 Kaibuchi	 (2015).	
"Radial	 Glial	 Cell-Neuron	 Interaction	 Directs	
Axon	 Formation	 at	 the	 Opposite	 Side	 of	 the	
Neuron	 from	 the	 Contact	 Site."	 J	 Neurosci	
35(43):	14517-14532.	

	
Yokoyama,	 S.,	 Y.	 Ito,	 H.	 Ueno-Kudoh,	 H.	 Shimizu,	 K.	

Uchibe,	S.	Albini,	K.	Mitsuoka,	S.	Miyaki,	M.	Kiso,	
A.	 Nagai,	 T.	 Hikata,	 T.	 Osada,	 N.	 Fukuda,	 S.	
Yamashita,	D.	Harada,	V.	Mezzano,	M.	Kasai,	P.	L.	
Puri,	 Y.	 Hayashizaki,	 H.	 Okado,	 M.	 Hashimoto	
and	 H.	 Asahara	 (2009).	 "A	 systems	 approach	
reveals	that	the	myogenesis	genome	network	is	
regulated	 by	 the	 transcriptional	 repressor	
RP58."	Dev	Cell	17(6):	836-848.	

	
	
	
	
	
	
	
	
	
	

	



DOCTOR	OF	PHILOSOPHY	–	Isabel	A.	Hemming	

	
	

67	-																		-	

_______________________________________________________________________________________________________	

5 DISEASE-ASSOCIATED MISSENSE 
VARIANTS IN ZBTB18 DISRUPT DNA 
BINDING AND IMPAIR THE DEVELOPMENT 
OF NEURONS WITHIN THE EMBRYONIC 
CEREBRAL CORTEX 

________________________________________________________________________________________________________	

	

The	work	within	 this	 chapter	was	 published	 in	 the	 peer-reviewed	 journal	Human	

Mutation.	 This	 chapter	 is	 presented	 as	 it	 appears	 in	 the	 publication,	 apart	 from	minor	

changes	 to	 formatting	 and	 referencing	 for	 consistency	 with	 previous	 and	 subsequent	

chapters.	 The	 published	 version	 is	 presented	 in	 Appendix	 A	 subsection	 A.3.1,	 with	

supplementary	information	in	A.3.2.	

	

5.1 PREAMBLE	

In	the	previous	chapter	(Chapter	4)	the	importance	of	ZBTB18-mediated	regulation	

during	mammalian	brain	development	was	demonstrated.	Also,	the	work	highlighted	the	

need	for	further	investigation	into	the	impact	of	genetic	variation	on	ZBTB18.	This	chapter	

(Chapter	 5)	 demonstrated	 that	 the	 differences	 in	 phenotypic	 presentation	 between	 two	

affected	 individuals	 paralleled	 the	 differences	 in	 functional	 impacts	 identified	 by	 the	 in	

silico,	in	vitro,	and	in	vivo	characterisations	undertaken.	In	addition,	this	work	involved	the	

development	 of	 a	 molecular	 modelling	 methodology	 to	 predict	 the	 impact	 of	 protein	

changes	on	ZBTB18-DNA	interactions,	MMGB/SA.	From	these	findings,	it	is	proposed	that	

both	 variants	 influence	 the	 DNA-binding	 capacity	 of	 ZBTB18,	 leading	 to	 changes	 in	 the	

transcriptional	 regulatory	 functions,	 and	 proposed	 to	 negatively	 impact	 neural	

development	 in	 each	 affected	 individual.	 Overall,	 work	 in	 this	 chapter	 notably	

demonstrates	 that	 altered	 transcriptional	 regulation	 represents	 a	 crucial	 pathological	

mechanism	 for	 ZBTB18	 missense	 variants	 in	 human	 brain	 disorder.	 These	 findings	

demonstrate	 that	 the	 zinc	 finger	 DNA-binding	 domain	 of	 ZBTB18	 is	 important	 for	

transcriptional	 regulation	and	human	brain	development.	Consequently,	 the	presence	of	

missense	 variants	 could	 alter	 transcriptional	 regulation	 capacity	 of	 ZBTB18.	 Taken	

together,	 these	 results	 suggest	 that	 altered	 transcriptional	 regulation	 could	 represent	 a	

significant	pathological	mechanism	for	ZBTB18	missense	variants	 in	brain	disease.	Thus,	

this	 chapter	 highlights	 the	 need	 for	 further	 investigation	 into	 other	 missense	 variants	

within	ZBTB18,	and	on	their	possible	impact	on	DNA	binding,	transcriptional	repression,	

and	neurodevelopmental	disorders.	

	

5	
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5.2 INTRODUCTION		

The	 activities	 of	 DNA-binding	 TFs	 are	 crucial	 to	 the	 formation	 of	 the	mammalian	

cerebral	cortex,	during	which,	coordinated	waves	of	gene	expression	orchestrate	a	step-

wise	process	of	neurogenesis,	cell	migration,	and	circuit	formation	within	the	developing	

organ	(Nord	et	al.,	2015;	Gupta	et	al.,	2002).	ZBTB18	encodes	a	transcriptional	repressor	

of	 the	 broad	 complex	 tramtrack	 bric-a-brac	 (BTB)	 zinc-finger	 family,	 comprising	 an	 N-

terminal	 BTB	 domain	 for	 protein-protein	 interaction,	 as	 well	 as	 four	 Cys2-His2-like	

(C2H2)	zinc	fingers	at	its	C-terminus	for	DNA	binding	(Mitchelmore	et	al.,	2002).	In	mice,	

Zbtb18	is	essential	to	neurodevelopment	(Xiang	et	al.,	2012;	Okado	et	al.,	2009),	including	

the	 birth	 and	 radial	 positioning	 of	 newborn	 postmitotic	 neurons	within	 the	 developing	

cerebral	cortex	(Heng	et	al.,	2013;	Ohtaka-Maruyama	et	al.,	2013).	Notably,	loss	of	Zbtb18	

results	in	derepression	of	downstream	target	genes,	including	the	cytoskeleton	gene	Rnd2,	

which,	in	turn,	leads	to	defective	neuronal	migration	within	the	embryonic	cerebral	cortex	

(Heng	 et	 al.,	 2013;	 Ohtaka-Maruyama	 et	 al.,	 2013).	 We	 reported	 that	 ZBTB18	 directly	

binds	enhancer	motifs	within	 the	Rnd2	 gene	 identified	as	E1	 and	E2	 (Heng	et	al.,	2013),	

modulating	RND2	levels,	which	in	turn	control	radial	migration	by	immature	neurons.	The	

transcriptional	repressor	functions	of	ZBTB18	are	essential	to	its	role	in	the	regulation	of	

multiple	 target	 genes	 essential	 to	 embryo	 development	 (Ohtaka-Maruyama	 et	al.,	 2013;	

Xiang	et	al.,	2012).	

	

In	 humans,	 genetic	 mutations	 in	 ZBTB18	 are	 associated	 with	 structural	 brain	

abnormalities,	neuronal	migration	disorder	and	 intellectual	disability	 (van	der	Schoot	et	

al.,	2018;	Cohen	et	al.,	2017;	Depienne	et	al.,	2017;	Deciphering	Developmental	Disorders,	

2017;	 Hemming	 et	al.,	 2016;	 de	 Munnik	 et	al.,	 2014).	 More	 than	 half	 of	 all	 pathogenic	

variants	 identified	 in	 ZBTB18	 are	 predicted	 to	 be	 truncating,	 suggesting	 that	

haploinsufficiency/loss-of-function	 represents	 a	 general	 pathological	 mechanism	 for	

disease	 (Depienne	 et	al.,	 2017).	 However,	 of	 the	 remaining	 disease-associated	 variants	

that	are	not	predicted	to	be	truncating	and	result	in	missense	mutations,	it	is	noteworthy	

that	 the	majority	of	 these	map	 to	 the	C-terminal	 zinc	 finger	DNA-binding	domain	of	 the	

polypeptide	 (Supplementary	 Figure	 A.3.2.1	 and	 Supplementary	 Table	 A.3.2.1).	 This	

suggests	that	missense	variants	could	 influence	the	functions	of	ZBTB18	in	DNA	binding	

and	transcriptional	regulation	which,	 in	turn,	could	 lead	to	brain	developmental	disease.	

Currently,	the	molecular	mechanisms	explaining	their	role	in	disease	remain	unclear.	

	

Here,	we	have	used	homology	modelling,	molecular	dynamics	(MD)	simulations,	and	

molecular	 mechanics-generalised	 Born/surface	 area	 (MM-GB/SA)	 calculations	 to	



DOCTOR	OF	PHILOSOPHY	–	Isabel	A.	Hemming	

	
	

69	-																		-	

investigate	the	structural	and	functional	properties	of	wild-type	ZBTB18	and	two	disease-

associated	 variants,	 NP_991331.1:p.Arg495Gly	 (R495G)	 (Rauch	 et	 al.,	 2012)	 and	

NP_991331.1:p.Asn461Ser	(N461S)	(Farwell	et	al.,	2015;	rs797044885),	bound	to	cognate	

DNA	motifs.	By	combining	the	homology	modelling	with	location	mapping	for	all	ZBTB18	

missense	variants	reported	within	the	literature,	half	were	discovered	to	map	to	residues	

(Asn461,	 Arg464,	 Glu486)	 predicted	 to	 be	 essential	 to	 sequence-specific	 DNA	 contact.	

Moreover,	 the	 homology	 modelling	 approach	 demonstrates	 that	 for	 these	 two	 disease-

associated	 missense	 variants	 they	 each	 bound	 DNA	 promiscuously,	 displayed	 altered	

transcriptional	regulatory	activity	in	vitro,	and	influenced	the	radial	migration	of	newborn	

neurons	 in	 vivo	 in	 different	 ways.	 Taken	 together,	 our	 results	 suggest	 that	 altered	

transcriptional	 regulation	 could	 represent	 an	 important	 pathological	 mechanism	 for	

ZBTB18	missense	variants	in	brain	developmental	disease.	

	

5.3 MATERIALS	AND	METHODS		

5.3.1 HOMOLOGY	MODELLING	 OF	 ZBTB18	 ZINC	 FINGER	 DOMAIN	 COMPLEXED	
WITH	DNA	PROBE	SEQUENCES	

The	 structures	of	 the	wild-type	ZBTB18	 zinc	 finger	 region	 from	 residues	373-501	

complexed	with	DNA	 fragments	 from	the	E1	and	E2	probe	sequences	were	prepared	by	

homology	 modelling.	 The	 DNA	motifs	 were	 derived	 from	 a	 previously	 characterised	 3’	

regulatory	 enhancer	 sequence	 for	 Rnd2,	 a	 downstream	 target	 gene	 which	 mediates	

neuronal	migration	during	brain	development	(Heng	et	al.,	2013).	Separate	templates	for	

each	 of	 the	 four	 C2H2	 subdomains	 comprising	 the	 ZBTB18	 zinc	 finger	 domain	 were	

identified	using	BLAST	searches	of	each	subdomain	against	the	Protein	Data	Bank	(PDB)	

using	 Prime	 Structure	 Prediction	 (Supplementary	 Table	 A.3.2).	 The	 relevant	 C2H2	

subdomains	 of	 the	 templates	 were	 overlaid	 to	 the	 relevant	 C2H2	 subdomains	 of	 the	

designed	 zinc	 finger	 protein	 Aart	 (PDB	 2I13)	 (Segal	 et	 al.,	 2006),	 which	 afforded	 the	

highest	 sequence	 identity	 to	 the	 overall	 ZBTB18	 zinc	 finger	 domain.	 The	

Composite/Chimera	 feature	 of	 Prime	was	 used	 to	 build	 protein-DNA	 complexes	 for	 the	

wild-type	ZBTB18	zinc	finger	domain,	initially	retaining	the	DNA	from	PDB	2I13.	This	DNA	

was	 trimmed	 to	 a	 15	 base	 pair	 fragment,	 representing	 the	 length	 of	 DNA	most	 closely	

bound	by	the	zinc	finger	domain.		

	

C2H2	zinc	finger	domain	structures	in	complex	with	DNA	similar	in	sequence	to	the	

E1	 sequence	were	 then	 identified;	 these	 structures	 guided	 the	placement	of	 the	desired	

DNA	sequences	with	respect	 to	 the	protein.	The	PDB	was	searched	 for	C2H2	zinc	 finger	

domain	 structures	 (PFAM	 PF00096)	 with	 DNA	 bound.	 Pairwise	 alignment	 of	 the	 E1	
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sequence	 to	each	DNA	sequence	 from	the	 identified	structures	was	performed	using	 the	

needleall	tool	of	EMBOSS	(Rice	et	al.,	2000),	this	identified	the	DNA	contained	in	PDB	5KE6	

as	affording	 the	best	alignment	 (Hashimoto	et	al.,	 2017).	PDB	5KE6	was	 then	aligned	 to	

the	 initially	built	DNA-protein	 complex	 (i.e.,	 the	 complex	of	 ZBTB18	with	 the	DNA	 from	

PDB	2I13).	A	sequence	alignment	between	the	DNA	in	PDB	5KE6	and	the	DNA	in	PDB	2I13	

was	 generated	 based	 on	 the	 structural	 alignment	 between	 the	 two	 DNA	 fragments.	

Combining	 this	 structure-based	 sequence	alignment	with	 the	 sequence	alignment	of	 the	

DNA	 probe	 sequences	 with	 the	 template	 DNA	 allowed	 an	 alignment	 between	 the	 DNA	

probe	 sequences	 and	 the	 DNA	 from	 PDB	 2I13	 to	 be	 generated	 (Supplementary	 Table	

A.3.2).	 The	 DNA	 from	 PDB	 2I13	 was	 then	 mutated	 in	 UCSF	 Chimera	 to	 the	 relevant	

sequences	based	on	this	alignment.	

	

Following	 model	 building	 and	 inclusion	 of	 the	 appropriate	 DNA	 sequences,	 the	

complex	 was	 energy	 minimised	 using	 Prime	 Minimization	 in	 a	 stepwise	 manner;	 non-

template	residues	were	first	minimised,	followed	by	all	protein	and	ion	components	of	the	

complex	 (i.e.,	 the	 entire	 structure,	 excluding	 DNA),	 and	 finally,	 the	 entire	 complex.	

Erroneous	cis-amides	(i.e.,	cis-amides	not	derived	from	the	template	or	immediately	prior	

to	a	proline	residue)	and	incorrect	stereochemistry	generated	during	the	model	building	

process	 was	 identified	 and	 corrected	 using	 Maestro.	 The	 structures	 of	 the	 zinc	 finger	

domain	 with	 each	 of	 the	 E1	 and	 E2	 probe	 sequences	 were	 produced	 in	 this	 manner;	

complexes	with	mutant	 proteins	were	 prepared	 by	mutating	 the	 relevant	 residue(s)	 in	

these	 representative	 structures	 using	 the	 variant	 facilities	 of	Maestro	 and	 used	without	

further	minimisation.	

	

5.3.2 MOLECULAR	DYNAMICS	SIMULATIONS	

Parameterization	 of	 the	 complexes	 was	 performed	 using	 AmberTools	 (Salomon-

Ferrer	 et	al.,	 2013).	 Simulations	were	 performed	using	GROMACS	5.0.2	 (Abraham	 et	al.,	

2015).	ZBTB18	was	parameterised	with	the	AMBER	ff14SB	force	field	(Maier	et	al.,	2015),	

while	bound	DNA	was	parameterised	with	the	parmbsc0	parameter	set	(Perez	et	al.,	2007)	

with	ε/ζOL1	(Zgarbova	et	al.,	2013)	and	χOL4	(Krepl	et	al.,	2012)	modifications.	The	Zinc	

AMBER	force	field	(ZAFF)	(Peters	et	al.,	2010)	was	used	to	parameterise	the	zinc	centres	

in	 ZBTB18.	 The	 resulting	 topology	 was	 then	 ported	 to	 GROMACS	 format	 using	 acpype	

(Sousa	 da	 Silva	 and	 Vranken,	 2012)	 and	 the	 remaining	 system	 setup	 completed	 in	

GROMACS.	
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Complexes	were	solvated	in	TIP3P	water	(Jorgensen	et	al.,	1983)	in	a	dodecahedral	

box	with	a	minimum	of	10	Å	distance	from	the	protein	to	the	box	edge.	The	system	was	

charge	neutralised	with	the	addition	of	sodium	ions,	with	further	sodium	and	chloride	ions	

added	 to	 a	 concentration	 of	 0.1	 M.	 Equilibrations	 of	 the	 system	 in	 the	 NVT	 and	 NPT	

ensembles	were	adapted	from	previously	described	procedures	(Perez	et	al.,	2007;	Shields	

et	al.,	1998;	Shields	et	al.,	1997);	briefly,	short	simulations	(0.1	ns)	with	gradually	reducing	

position	 restraints	 on	 the	 complex	 heavy	 atoms	 were	 performed	 (initially	 an	 NVT	

simulation	 with	 10000	 kJ/(mol	 nm2)	 applied,	 followed	 by	 NPT	 simulations	 with	 2000	

kJ/(mol	 nm2)	 applied,	 gradually	 decreasing	 by	 400	 kJ/(mol	 nm2)).	 Following	 this,	 the	

production	MD	simulation	was	performed	 in	 the	NPT	ensemble	 for	50	ns,	with	 a	 target	

temperature	of	300	K	and	a	target	pressure	of	1	atm.	The	modified	Berendsen	thermostat	

(V-rescale)	was	 employed	 for	 temperature	 coupling	 (Bussi	 et	al.,	 2007).	 The	 Parrinello-

Rahman	barostat	was	employed	for	pressure	coupling	(Parrinello	and	Rahman,	1981).	The	

smooth	 particle	 mesh	 Ewald	 method	 was	 employed	 for	 long-range	 electrostatics	

(Essmann	et	al.,	1995).	All	bonds	were	constrained	using	the	LINCS	algorithm	(Hess	et	al.,	

1997).	Coordinates	were	saved	every	10	ps.	

	

Five	 simulations	 of	 each	 complex	 were	 performed,	 starting	 from	 new	 random	

velocities	 in	 each	 replicate.	 For	 binding	 energy	 calculations,	 the	 final	 10	 ns	 of	 three	 of	

these	simulations	were	used,	determined	by	examining	the	root-mean-squared	deviation	

(RMSD)	 for	 heavy	 atoms	 over	 this	 time	 range;	 simulations	 where	 the	 RMSD	 appeared	

stable	and	maintaining	under	6.0	Å	were	selected	for	binding	energy	calculations.	

	

5.3.3 BINDING	FREE	ENERGY	CALCULATIONS	AND	DECOMPOSITION	

Binding	energies	were	calculated	using	the	(MM-GB/SA)	approach,	facilitated	by	the	

MMPBSA.py	 tool	 of	 AmberTools	 (Miller	 et	al.,	 2012).	 The	 single-trajectory	 protocol	was	

utilised	(Gohlke	et	al.,	2003),	with	the	following	equation:		

ΔGbind	=	Gcomplex	–	Gprotein	–	Gligand	=	ΔH	+	ΔGsolvation	–	TΔS	

=	ΔGvdw	+	ΔGele	+	ΔGGB	+	ΔGSA	–	TΔS	

where	ΔGvdw	 is	 the	molecular	mechanics	van	der	Waals	 interaction	energy,	ΔGele	 is	

the	 molecular	 mechanics	 electrostatic	 interaction	 energy,	 ΔGGB	 is	 the	 change	 in	 polar	

desolvation	 energy	 upon	 complex	 formation	 and	 ΔGSA	 is	 the	 change	 in	 nonpolar	

desolvation	energy	upon	complex	formation.	The	entropic	term	(-TΔS)	was	not	calculated,	

due	to	high	computational	cost	and	poor	accuracy.	The	modified	GB	model	developed	by	

Onufriev	et	al.	(igb	=	5)	was	used	to	calculate	the	polar	desolvation	energy	(Onufriev	et	al.,	
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2004);	this	GB	model	is	suggested	as	a	suitable	“general	purpose”	GB	model	and	has	been	

previously	applied	to	protein-DNA	complexes	(Ruscio	and	Onufriev,	2006).	The	non-polar	

component	of	 the	desolvation	energy	was	calculated	via	solvent	accessible	surface	areas	

calculated	 with	 the	 LCPO	 method	 (Weiser	 et	al.,	 1999).	 MM-GB/SA	 energies	 were	 also	

decomposed	per-residue	(idecomp	=	1).	The	GROMACS	tool	g_cluster	was	used	to	identify	

the	most	frequently	observed	structures	from	the	regions	of	the	simulations	submitted	for	

MM-GB/SA	analysis.	The	cutoff	for	the	g_cluster	calculation	was	set	to	0.25°nm.	

	

5.3.4 MOUSE	HANDLING	AND	ANIMAL	ETHICS	LICENSE	

All	animal	procedures	were	conducted	according	to	standard	operating	procedures	

approved	 by	 the	 Animal	 Ethics	 Committees	 (Perkins	 Institute:	 AE021,	 University	 of	

Western	 Australia:	 RA/3/100/1361),	 as	 well	 as	 guidelines	 provided	 by	 the	 National	

Health	 and	 Medical	 Research	 Council	 of	 Australia.	 Unsexed	 C57BL/6J	 wild-type	 mouse	

embryos	were	employed	for	in	utero	electroporation	studies.	Mice	were	housed	four	to	a	

cage	in	individually	ventilated	cages	and	on	a	12:12-h	light:dark	cycle.		

	

5.3.5 DNA	CONSTRUCTS	AND	CLONING	

The	 cDNA	 sequence	 encoding	 isoform	 1	 of	 human	 ZBTB18	 (NM_205768.2)	 and	

ZBTB18	(R495G)	were	commercially	synthesised	with	MfeI	restriction	sites	either	end	of	

the	 cDNA	 (IDT-WT	and	 IDT-R495G;	 Integrated	DNA	Technologies,	 San	Diego,	California,	

United	 States).	 Both	 cDNAs	were	 individually	 sub-cloned	 into	 the	 pCIG-FLAG	 vector,	 in	

which	 the	 GFP	 cassette	 was	 excised	 (pCIG-F[NG])	 (Heng	 et	 al.,	 2013),	 by	 restriction	

digestion;	 using	MfeI	 for	 the	 Integrated	 DNA	 Technologies	 cDNA	 backbones,	 and	 EcoRI	

and	 rSAP	 for	 the	 pCIG-F[NG]	 empty	 backbone.	 Vector	 backbone	 and	 cDNA	 inserts	were	

joined	 together	 with	 T4	 DNA	 ligase	 (M0202;	 New	 England	 Biolabs,	 Ipswich,	

Massachusetts,	 United	 States)	 according	 to	 manufacturer's	 instructions,	 at	 a	

backbone:insert	 ratio	 of	 1:5,	 before	 being	 transformed	 into	 chemically	 competent	

bacterial	 cells	 (XL2	 Blue)	 and	 plated	 onto	 Luria	 Broth	 agar	 plates	 inoculated	 with	 100	

ng/ml	 Ampicillin	 (FSBBP1760-25;	 Thermo	 Fisher,	 Waltham,	 Massachusetts,	 United	
States).	Plates	were	incubated	at	37°C	for	16	hours	before	bacteria	colonies	were	selected	

for	 vector	 extraction	 via	 mini	 prep	 (ISOLATE	 II	 Plasmid	 Mini	 Kit,	 BIO-52056;	 Bioline,	

London,	 United	 Kingdom)	 and	 verified	 via	 Sanger	 sequencing	 (Australian	 Genome	

Research	 Facility,	 Perth,	 Australia).	 The	 N461S	 variant	 was	 generated	 via	 site-directed	

mutagenesis	 using	 a	 GeneArt®	 Site-Directed	 Mutagenesis	 PLUS	 kit	 (A14604;	 Life	

Technologies,	 Carlsbad,	 California,	 United	 States)	 on	 the	 pCIG-F[NG]	 ZBTB18(WT)	

construct	 with	 the	 following	 primers:	 sense,	 5’-
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TCCAGTACTCGCACAGCCTGAGCCGCCATGC-3’;	 antisense,	 5’-	

GCATGGCGGCTCAGGCTGTGCGAGTACTGGA-3’.	 The	 bacteria	 cells	were	 cultured	 on	 Luria	

Broth	agar	plates	inoculated	with	100	ng/mL	Ampicillin	(FSBBP1760-25;	Thermo	Fisher,	
Waltham,	Massachusetts,	United	States)	for	16	hours	at	37oC	before	colonies	were	selected	

for	 vector	 extraction	 via	 mini	 prep	 (ISOLATE	 II	 Plasmid	 Mini	 Kit,	 BIO-52056;	 Bioline,	

London,	 United	 Kingdom)	 and	 verified	 via	 Sanger	 sequencing	 (Australian	 Genome	

Research	Facility,	Perth,	Australia).	

	

5.3.6 CELL	CULTURE	AND	TRANSFECTION	

Human	 (HeLa,	 HEK293T)	 and	 mouse	 (P19	 embyrocarcinoma)	 cell	 lines	 were	

cultured	 in	 complete	 growth	 media	 (DMEM	 (10313-021;	 Gibco	 by	 Life	 Technologies,	

Carlsbad,	 California,	 United	 States),	 2	 mM	 L-glutamine	 (25030-081;	 Gibco	 by	 Life	

Technologies,	 Carlsbad,	 California,	 United	 States),	 10%	 fetal	 bovine	 serum	 (SFBSF;	

Bovogen	Biological,	Keilor	East,	Victoria,	Australia),	in	an	incubator	at	37°C	supplied	with	

humidified	5%	CO2.	HeLa	cells	were	seeded	in	500	μl	of	growth	media	in	a	24-well	plate,	at	

a	density	of	50	000	cells	per	well.	P19	cells	were	seeded	in	500	μl	of	growth	media	in	a	24-

well	plate,	at	a	density	of	25	000	cells	per	well	for	luciferase	assays,	and	in	2	ml	of	growth	

media	 in	a	6-well	plate,	at	a	density	of	100	000	cells	per	well	 for	Western	blot	analysis.	

HEK	cells	were	seeded	in	2	ml	of	growth	media	in	a	6-well	plate,	at	a	density	of	500	000	

cells	 per	 well.	 24	 hours	 after	 seeding,	 cells	 were	 transiently	 transfected	 with	

Lipofectamine	2000	(11668-10019;	Invitrogen	by	Life	Technologies,	Carlsbad,	California,	

United	States)	as	per	manufacturer’s	 instructions.	The	media	was	changed	5	hours	post-

transfection	(media	without	Lipofectamine).	For	immunostaining	experiments,	HeLa	cells	

were	cultured	on	uncoated	13	mm	round	coverslips	(CS13100;	Grale	by	Trajan,	Ringwood,	

Victoria,	 Australia)	 and	 fixed	 onto	 the	 coverslips	 at	 either	 24	 or	 48	 hours	 post-

transfection.	P19	cells	were	collected	48	hours	post-transfection	for	luciferase	assays	and	

for	Western	blotting.	

	

5.3.7 LUCIFERASE	ASSAYS	

Firefly	 luciferase	 reporter	 constructs	 harbouring	 a	 synthetic	 decamerised	 binding	

site	(BS10),	as	well	as	a	construct	comprising	mouse	Rnd23’-enhancer	sequence	(Heng	et	

al.,	 2008),	were	used.	A	Renilla	 luciferase	 construct	was	 co-transfected	 to	normalise	 for	

transfection	 efficacy	 (Promega,	 Madison,	 Wisconsin,	 United	 States).	 For	 competition	

assays	 between	WT,	 N461S,	 and	 R495G,	 250	 ng	 of	 each	 ZBTB18	 construct	 was	 added,	

together	with	50	ng	of	firefly	reporter	construct,	and	25	ng	of	Renilla	construct,	per	well.	

DNA	was	added	to	100	μl	Opti-MEM	I	(31985-070;	Gibco	by	Life	Technologies,	Carlsbad,	
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California,	United	States)	per	sample.	The	four	constructs	were	pCIG-F[NG]-empty,	pCIG-

F[NG]-ZBTB18(WT),	 pCIG-F[NG]-ZBTB18(N461S),	 and	 pCIG-F[NG]-ZBTB18(R495G).	 48	

hours	post-transfection,	P19	cells	were	washed	with	500	μl	1x	PBS	and	lysed	with	150	μl	

1x	Passive	 lysis	buffer	as	per	manufacturer’s	 instructions	(E1960;	Dual-Luciferase	Assay	

Kit,	 Promega,	 Madison,	 Wisconsin,	 United	 States).	 The	 lysate	 was	 then	 centrifuged	 at	

15000	x	g	for	15	min	at	4°C.	20	μl	of	supernatant	for	each	24-well	was	added	to	two	wells	

of	 a	 96-well	 plate,	 and	 reagent	 added	 to	 each	well	manually.	 Firefly	 and	Renilla	 signals	

were	 read	 in	 each	well	 of	 the	 96-well	 plate	 in	 order	 of	 rows	 (5	 second	 recordings	 per	

well),	 using	 a	 Victor	 Light	 plate	 reader	 (Perkin	 Elmer,	Waltham,	Massachusetts,	 United	

States)	according	to	manufacturer’s	instructions.	

	

5.3.8 WESTERN	BLOTTING	

P19	 cells	were	 collected	48	hours	 after	 transfection	and	Western	blotting.	Briefly,	

cells	were	washed	with	 1x	 PBS	 buffer	 and	were	 lysed	 using	 KALB	 buffer	 (1%	Triton	 X	

detergent,	150	mM	NaCl,	0.02%	sodium	azide,	1mM	EDTA,	50	mM	Tris-HCl	pH	7.4,	 and	

protease	 inhibitor	 (4693159001;	 Roche,	 Basel,	 Switzerland),	 and	 protein	 concentration	

measured	using	Bradford	reagent	 (500205;	Bio-Rad,	Hercules,	California,	United	States).	

Protein	samples	were	analysed	on	a	10%	SDS	gel,	transferred	to	nitrocellulose	membrane,	

and	 incubated	 overnight	 with	 primary	 antibodies:	 mouse	 anti-β-actin	 (1:5,000	 (A5441;	

Sigma-Aldrich,	 St.	 Louis,	 Missouri,	 United	 States)),	 mouse	 anti-FLAG	 (1:5,000	 (F1804;	

Sigma-Aldrich,	 St.	 Louis,	 Missouri,	 United	 States)),	 mouse	 anti-ZBTB18	 (1:5,000	

(H00010472-M04;	 Abnova,	 Jhongli,	 Taiwan)),	 rabbit	 anti-FLAG	 (1:5,000	 (2368;	 Cell	

Signaling,	 Danvers,	 Massachusetts,	 United	 States))	 and	 rabbit	 anti-ZBTB18	 (1:5,000	

(12714-1-AP;	 Proteintech,	 Chicago,	 Illinois,	 United	 States)).	Membranes	were	 incubated	

with	 anti-rabbit	 IRDye	680LT	or	 anti-mouse	 IRDye	800	 secondary	 antibodies	 (1:10,000	

(LI	COR	Biosciences,	Lincoln,	Nebraska,	United	States)	 for	2	hours	before	analysis	using	

the	Odyssey	imaging	system	(LI-CORBiosciences,	Lincoln,	Nebraska,	United	States).	

	

5.3.9 ELECTROPHORETIC	MOBILITY	SHIFT	ASSAYS	(EMSAS)	

EMSAs	 were	 performed	 as	 previously	 described	 (Cruickshank	 et	al.,	 2015),	 using	

nuclear	 extracts	 collected	 using	 the	 NE-PER™	 Nuclear	 and	 Cytoplasmic	 Extraction	 Kit	

according	 to	manufacturer’s	 instructions	 (78833;	 Life	 Technologies	 Carlsbad,	 California,	

United	States).	In	short,	2	μg	of	crude	nuclear	protein	extract	was	incubated	with	75	fmol	

of	 double-stranded	 oligonucleotides	 in	 EMSA	 reaction	 buffer	 (4%	 Ficoll,	 20	mM	HEPES	

[pH	 7.9],	 1	mM	 EDTA	 [pH8.0],	 1.5	mM	DTT,	 0.5	mg	 Poly	 dI:dC)	 for	 30	minutes,	 before	

running	on	a	6%	non-denaturing	polyacrylamide	gel	 (6%	Bis-acrylamide,	2.5%	glycerol,	
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0.75x	 TBE	 buffer)	 for	 90	 minutes	 at	 150	 V.	 Commercially	 sourced,	 HPLC-purified	 5’-

biotinylated	 oligonucleotides	 (Sigma-Aldrich,	 St.	 Louis,	 Missouri,	 United	 States)	

comprising	sense	and	anti-sense	strands	of	DNA	stretches	encompassing	the	binding	sites	

of	 E1	 (sense	 5’-CTCTGCTGTTACTCCTAAATAACAGATGTCTGTCTGCATA-3’;	 antisense	 5’-

TATGCAGACAGACATCTGTTATTTAGGAGTAACAGCAGAG-3’);	 E1mut	 (sense	 5’-

CTCTGCTGTTACTCCTAAATAACAGTGATCTGTCTGCATA-3’;	 antisense	 5’-

TATGCAGACAGATCACTGTTATTTAGGAGTAACAGCAGAG-3’);	 E2	 (sense	 5’-

TTTGATCCACCAAAGGGAGGGGCAGATGGGAGTAGGGAAG-3’;	 antisense	 5’-

CTTCCCTACTCCCATCTGCCCCTCCCTTTGGTGGATCAAA-3’);	 E2mut	 (sense	 5’-

TTTGATCCACCAAAGGGAGGGGCAGTGAGGAGTAGGGAAG-3’;	 antisense	 5’-

CTTCCCTACTCCTCACTGCCCCTCCCTTTGGTGGATCAAA-3’).	Strand	pairs	were	annealed	by	

resuspension	 in	 1X	TE	buffer	 and	heated	 to	 95°C	 for	 10	minutes,	 then	 slowly	 cooled	 to	

room	 temperature.	 Oligonucleotides	were	 run	 on	 a	 6%	 polyacrylamide	 gel	 and	 double-

stranded	 oligonucleotides	 were	 extracted	 from	 the	 gel	 in	 elution	 buffer	 (0.1%	 sodium	

dodecyl	 sulfate	 (SDS),	 0.5	 M	 ammonium	 acetate,	 10	 mM	 magnesium	 acetate)	 at	 room	

temperature	for	16	hours.	Oligonucleotides	were	precipitated	with	100%	ethanol	at	-80°C	

for	 two	hours,	 then	pelleted	by	centrifugation	at	16	000g	 for	30	min	at	4°C	and	washed	

with	800	μl	of	70%	ethanol	and	air	dried	thoroughly.	Oligonucleotides	were	resuspended	

in	nuclease-free	water	and	diluted	 to	25	pmol/μL	stock	 just	before	use.	Biotin	detection	

was	undertaken	with	a	Chemiluminescent	Nucleic	Acid	Detection	Module	Kit	according	to	

the	manufacturer’s	 instructions	(89880;	Thermo	Fisher,	Waltham,	Massachusetts,	United	
States).	

	

5.3.10 IN	 UTERO	 ELECTROPORATION	 AND	 TISSUE	 COLLECTION	 FOR	
IMMUNOSTAINING	

In	utero	electroporation	was	performed	on	E14.5	embryos	as	described	previously	

(Haas	et	al.,	2016).	Plasmids	were	delivered	at	a	 final	concentration	of	each	species	at	1	

μg/μl,	 pre-mixed	 with	 Fast	 Green	 to	 visualise	 site	 of	 injection.	 Three	 days	 after	

electroporation,	 the	 pregnant	 dam	 was	 euthanised	 by	 cervical	 dislocation,	 embryos	

(E17.5)	were	decapitated,	and	their	brains	were	dissected	then	fixed	overnight	at	4°C	 in	

4%	paraformaldehyde	in	PBS.	Then,	the	brains	were	equilibrated	in	30%	sucrose	in	PBS	

for	 3	 days	 at	 4°C,	 before	 embedding	 in	 OCT	 mounting	 medium,	 frozen	 on	 dry	 ice	 and	

finally	stored	at	-80°C.	Coronal	sections	16	μm	thick	were	prepared	from	each	brain	using	

a	cryostat	(Leica	Biosystems,	Wetzlar,	Germany),	and	recovered	on	Superfrost-PLUS	glass	

slides	 (Menzel–Glaser	by	Trajan,	Ringwood,	Victoria,	Australia).	 Slides	were	dried	 for	 at	

least	 60	 minutes	 at	 ambient	 temperature	 conditions	 before	 storage	 at	 -80°C	 until	

immunostaining	was	performed.	For	 immunostaining,	after	a	blocking	step	with	10%	of	
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normal	 goat	 serum	 in	 PBS,	 brain	 sections	 were	 incubated	 overnight	 at	 4°C	 with	 the	

primary	 antibodies:	 chicken	 anti-GFP	 (1:700	 (Ab13970;	 Abcam,	 Cambridge,	 United	

Kingdom)),	 mouse	 anti-FLAG	 (1:500(F-1804;	 Sigma-Aldrich,	 St.	 Louis,	 Missouri,	 United	

States)).	Then	sections	were	 incubated	with	 fluorescent	secondary	antibodies	 (488-Goat	

anti-Chicken	 (1:1,000	 (A11039;	 Invitrogen	 by	 Life	 Technologies,	 Carlsbad,	 California,	

United	States));	568-Goat	antimouse	 (1:1,000	 (A11031;	 Invitrogen	by	Life	Technologies,	

Carlsbad,	California,	United	States)))	at	 room	temperature	 for	2	hr	before	sections	were	

counterstained	with	4′6-Diamidino-	2-Phenylindole	(DAPI,	1:10000	(D1306;	Invitrogen	by	

Life	Technologies,	Carlsbad,	California,	United	States)).	A	coverslip	was	mounted	on	each	

slide	using	Fluorescent	Mounting	Medium	(DAKO,	Berlin,	Germany).	

	

5.3.11 MICROSCOPY,	IMAGING,	QUANTIFICATION	STUDIES		

Images	 of	 brain	 sections	 were	 captured	 on	 an	 epifluorescence	 microscope	

(Olympus,	Shinjuku,	Tokyo,	 Japan)	equipped	with	a	CCD	camera	(SPOT,	Sterling	Heights,	

Michigan,	 United	 States)	 for	 neuronal	 migration,	 and	 on	 a	 confocal	 microscope	 (Nikon,	

Minato,	Tokyo,	 Japan)	 for	 the	analysis	of	neuronal	 shape.	Subdivisions	of	 the	embryonic	

cortex	(VZ/SVZ,	IZ	and	CP)	were	identified	based	on	cell	density	as	visualised	with	DAPI	

(4′6-Diamidino-2-Phenylindole)	staining,	as	described	previously	(Haas	et	al.,	2016).	Cell	

counting	was	performed	blind	to	the	in	utero	electroporation	treatment	on	representative	

fields	of	sections	of	electroporated	brains	using	ImageJ	software.	

	

5.3.12 STATISTICS	

Data	from	all	experiments	are	expressed	as	the	mean	±	standard	error	of	the	mean	

(SEM).	A	Kruskal	Wallis	analysis	was	employed	to	test	multiple	conditions,	while	a	Mann-

Whitney	U	test	was	applied	for	statistical	analyses	between	two	treatments.	All	statistics	

were	performed	through	Prism	software	(version	8.1.2	for	Windows,	GraphPad	Software,	

La	Jolla	California	USA,	www.graphpad.com).	

	

5.4 RESULTS	

5.4.1 STRUCTURAL	 PREDICTION	 AND	 BINDING	 ENERGY	 CALCULATIONS	 OF	
ZBTB18	ZINC	FINGER	DOMAIN	FOR	WILD-TYPE	AND	MISSENSE	VARIANTS,	IN	
COMPLEX	WITH	DNA	PROBE	SEQUENCES	

We	used	homology	modelling,	molecular	dynamics	(MD)	simulations,	and	molecular	

mechanics-generalised	 Born/surface	 area	 (MM-GB/SA)	 calculations	 to	 investigate	 the	

structural	 and	 functional	 properties	 of	 the	 C-terminal	 zinc	 finger	 domain	 of	 ZBTB18	
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(residues	373-501)	bound	to	two	DNA	regulatory	motifs,	E1	and	E2,	within	the	Rnd2	gene	

(Heng	et	al.,	2008;	Heng	et	al.,	2013).	To	explore	sequence-specific	binding	properties,	we	

also	modelled	ZBTB18	binding	to	mutated	versions	of	each	motif,	named	E1mut	and	E2mut,	

which	 we	 also	 previously	 reported	 as	 refractory	 to	 ZBTB18-mediated	 transcriptional	

repression	(Heng	et	al.,	2013).	The	predicted	structure	of	the	ZBTB18	zinc	finger	domain	

comprises	 four	 C2H2-type	 subdomains,	 featuring	 a	moderately	 sized	 insertion	 between	

the	 first	 two	 C2H2	 subdomains	 relative	 to	 the	 template	 structures	 (Figure	 5.4.1,	

Supplementary	 Video	 A.3.1	 and	 Supplementary	 Figures	 A.3.2.2A-C).	 MD	 simulations	

indicated	 stability	 of	 the	 majority	 of	 protein-DNA	 complexes,	 which	 were	 typically	

reproducible	 when	 simulations	 were	 commenced	 from	 new	 random	 velocities	

(Supplementary	Figure	A.3.2.3A,D,G,J).		

	

Figure	5.4.1	-	Representative	image	of	homology	model	for	ZBTB18	in	complex	with	DNA.	

	A	 homology	 model	 for	 ZBTB18	 in	 complex	 with	 a	 15-residue	 duplex	 derived	 from	 E1	 sequence	
(TAACAGATGTCTGTC),	shown	in	“front”	(C2H2	domains	1	and	4	 facing	viewer)	and	“rear”	(C2H2	domains	2	and	3	 facing	
viewer)	view,	were	created	Zinc	Fingers	1-4	(coloured	as	N-	to	C-terminal	rainbow,	blue	to	red),	as	well	as	zinc	atoms	(grey	
spheres)	 DNA	 residues	 (dA	 –	 white;	 dC	 –	 pink;	 dG	 –	 pale	 green;	 dT	 –	 tan).	 Residues	 of	 ZBTB18	 impacted	 by	 disease-
associated	missense	variants	(Leu434,	Tyr447,	Asn461,	Asn464,	Glu486	and	Arg495)	are	shown	in	the	lateral	panels,	with	
hydrogen	bonds	in	dashed	green	lines.	Arg464,	Gln486	and	Asn461	are	rotated	slightly	around	the	x-axis	relative	to	the	full	
complex	views.	See	Supplementary	Figure	A.3.2.1B	and	Table	A.3.2.1	 for	degree	of	amino	acid	sequence	conservation	and	
binding	energy	decomposition	for	these	six	residues,	respectively.	

	

Based	 on	 our	 MM-GB/SA	 calculations,	 we	 found	 that	 wild-type	 ZBTB18	 formed	

energetically	more	favourable	interactions	with	both	E1	and	E2,	compared	to	the	mutated	

sequences	 E1mut	 and	 E2mut	 (Table	 6.4.1).	 Per-residue	 binding	 energy	 decomposition	

identified	 residues	 –	 including	 Tyr458,	 Asn461	 and	 His493	 –	 as	 critical	 to	 wild-type	

ZBTB18	to	bind	E1	and	E2	(Figure	5.4.2,	Table	5.4.2	and	Supplementary	Table	A.3.2.4).	For	

example,	 Asn461	 contributes	 as	much	 as	 7.2%	 and	 7.6%	 of	 the	 total	 binding	 energy	 of	

ZBTB18	 to	 E1	 and	 E2	 respectively.	 Importantly,	 binding	 energy	 contributions	made	 by	

these	residues	were	markedly	lower	for	ZBTB18	modelled	with	E1mut	and	E2mut	mutants,	
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with	the	exception	of	His493,	which	displayed	an	increased	contribution	when	complexed	

with	 E2mut,	 altogether	 suggesting	 roles	 for	 each	 residue	 in	 sequence-specific	 binding	

(Figure	 5.4.2B).	 Based	 on	 the	models	 of	 ZBTB18	 complexed	with	DNA,	 it	was	 observed	

that	 half	 of	 all	 the	 ZBTB18	 disease-associated	 missense	 variants	 identified	 within	 the	

literature	 (Supplementary	 Figure	 A.3.2.1)	 map	 to	 residues	 (Asn461,	 Arg464,	 Glu486)	

essential	to	sequence-specific	DNA	contact.	The	others	missense	variants	identified	within	

the	 literature	 (Supplementary	 Figure	 A.3.2.1)	 map	 to	 residues	 exhibiting	 comparably	

reduced	 (Tyr447,	 Arg495)	 or	 negligible	 (Leu434)	 contributions	 to	 DNA	 binding	 (Table	

5.4.2).		

	

Next,	 we	 focussed	 our	 attention	 on	 disease-associated	 ZBTB18	 variants	 which	

featured	 residues	with	 close	 (N461S)	or	 limited	 (R495G)	DNA	 contact.	 Separate	models	

were	 generated	 for	 N461S	 (Figure	 5.4.3A-B,	 and	 Supplementary	 Figure	 A.3.2.2D-F)	 and	

R495G	(Figure	5.4.3C-D,	and	Supplementary	Figure	A.3.2.2G-I)	binding	E1,	E1mut,	E2	and	

E2mut.	Binding	energy	calculations	suggested	that	N461S	exhibited	more	selective	binding	

for	E1	over	E1mut,	 and	preferential	binding	 for	E2mut	 over	E2	 (Table	6.4.1).	On	 the	other	

hand,	R495G	exhibited	 similar	binding	energies	 for	 each	of	 the	E1,	E1mut	 and	E2	motifs,	

suggesting	non-selective	binding	for	all	three	sequences.	Calculations	with	E2mut	indicated	

that	R495G	bound	with	substantially	lower	energy	compared	to	E1,	E1mut	and	E2	motifs.	

	

Figure	5.4.2	-	Structural	Analysis	of	ZBTB18-DNA	complexes.	

Model	of	ZBTB18	zinc	fingers	1-4	bound	to	the	E1	sequence,	coloured	rainbow	(blue	to	red)	from	N-	to	C-terminal,	
with	zinc	atoms	as	grey	spheres,	and	DNA	residues	coloured	as	follows:	dA	–	white;	dC	–	pink;	dG	–	pale	green;	dT	–	tan.	(B)	
Major	 interactions	of	Tyr458,	Asn461,	and	His493	of	ZBTB18	with	E1,	E1mut,	E2	and	E2mut	sequences.	Hydrogen	bonds	
(dashed	green	 lines),	coordination	bonds	(dashed	purple	 lines),	and	residues	 involved	 in	hydrophobic	contacts	 in	at	 least	
one	panel	(transparent	spheres)	highlighted.	Views	rotated	slightly	relative	to	panel	(A)	to	improve	visibility	of	contacts.	
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TABLE	5.4.1	-	BINDING	ENERGIES	DETERMINED	FOR	ZBTB18-DNA	COMPLEXES.	
	 Δ	GBIND	(KCAL/MOL)	
	 DNA	MOTIFS	

ZBTB18	variant	 E1	 E1mut	 E2	 E2mut	

WT	 -119.8	±	0.3	 -117.1	±	0.3	 -125.2	±	0.3	 -94.0	±	0.3	

N461S	 -129.6	±	0.3	 -119.2	±	0.4	 -108.1	±	0.3	 -124.5	±	0.4	

R495G	 -126.4	±	0.3	 -126.0	±	0.3	 -126.9	±	0.4	 -102.0	±	0.3	
	

	
We	performed	binding	energy	decomposition	to	understand	the	interactions	taking	

place	in	the	complexes	in	finer	detail.	In	the	case	of	the	N461S	substitution,	we	observed	a	

reduced	 contribution	 to	 the	 binding	 energy	 of	 this	 position	 between	 E1	 and	 E2,	

concomitant	 with	 a	 structural	 rearrangement	 of	 Tyr458	 and	 His493,	 which	 augmented	

their	 binding	with	 E1mut	 and	E2mut,	 as	well	 as	 enhanced	 the	 contribution	 to	 the	 binding	

energy	 of	 His493	 with	 E2	 (Figure	 5.4.3B	 and	 Table	 5.4.2).	 In	 contrast,	 Arg495	 weakly	

contributes	 to	 binding	 of	 E1	 and	 E2,	 and	 substitution	 to	 glycine	 eliminates	 any	

contribution	 to	 binding	 energy	 made	 by	 this	 position	 (Figure	 5.4.3D	 and	 Table	 5.4.2).	

However,	with	this	substitution,	we	also	observed	reduced	contributions	made	by	Tyr458	

and	Asn461	when	binding	to	the	E1	and	E2	motifs,	as	well	as	an	increase	in	contribution	to	

E2	 binding	 by	His493,	 altogether	 suggesting	 indirect	 effects	 of	 this	missense	 variant	 on	

DNA	 binding.	 When	 modelled	 with	 E1mut,	 Tyr458	 also	 shows	 a	 five-fold	 elevation	 in	

binding	 energy	 contribution	 in	 the	R495G	variant	 (-3.5	kcal/mol	 for	 this	 residue	within	

R495G	 complexed	with	 E1mut,	 versus	 -0.7	 kcal/mol	within	WT	 ZBTB18	 complexed	with	

E1mut;	see	Table	5.4.2).	Therefore,	our	models	suggest	that	missense	variants	to	residues	

with	 close	 (N461S)	or	 limited	 (R495G)	DNA	contact	differentially	 affect	 the	 capacity	 for	

ZBTB18	to	bind	DNA,	and	could	lead	to	spurious	binding.	

	

TABLE	5.4.2	-	BINDING	ENERGY	DECOMPOSITIONS	FOR	SELECTED	RESIDUES	IN	ZBTB18-DNA	COMPLEXES.	
	 ΔGBIND	(KCAL/MOL)	

PROTEIN	 WT	 N461S	 R495G	

DNA	 E1	 E1mut	 E2	 E2mut	 E1	 E1mut	 E2	 E2mut	 E1	 E1mut	 E2	 E2mut	

LEU434	 -0.1	 +0.1	 -0.0	 -0.1	 -0.1	 -0.1	 -0.1	 +0.0	 -0.0	 -0.1	 +0.1	 -0.1	

TYR447	 -2.1	 -0.5	 +0.0	 -0.1	 -1.6	 -2.9	 +0.1	 -1.7	 -0.9	 -3.4	 +0.1	 +0.0	

TYR458	 -3.2	 -0.7	 -3.4	 -0.7	 -2.2	 -2.5	 -3.1	 -4.3	 -1.9	 -3.5	 -1.1	 -4.2	

ASN/SER461	 -8.6	 -2.3	 -9.6	 -1.4	 -2.5	 -1.5	 -2.3	 -3.3	 -7.7	 -3.9	 -3.6	 -5.5	

ARG464	 -4.0	 -3.1	 -4.9	 -3.8	 -3.9	 -2.7	 -4.0	 -4.3	 -4.0	 -5.5	 -4.5	 -3.1	

GLU486	 -3.1	 -2.7	 -4.3	 -2.5	 -2.8	 -2.9	 -2.9	 -3.4	 -3.6	 -2.4	 -3.5	 -2.8	

HIS493	 -5.9	 -0.3	 -0.7	 -2.9	 -5.3	 -3.9	 -5.8	 -4.2	 -2.3	 -1.3	 -4.9	 -4.2	

ARG/GLY495	 -0.7	 -2.5	 -0.3	 -2.7	 -1.2	 -1.4	 -0.6	 -1.0	 +0.0	 +0.0	 +0.0	 -0.0	

	Three	residues	(Tyr458,	Asn461	and	His493)	with	significant	contributions	to	DNA	binding	are	indicated	in	grey.	
Binding	 energy	 calculations	 for	 additional	 residues	 (Leu434,	 Tyr447,	 Arg464,	 Glu486,	 Arg495)	 impacted	 by	 pathogenic	
missense	 variants	 are	 also	 listed.	 A	 comprehensive	 list	 describing	 binding	 energy	 decomposition	 values	 for	 all	 residues	
making	a	major	contribution	to	the	binding	energy	in	at	least	one	complex	is	provided	as	Supplementary	Table	S4.	
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Figure	5.4.3	-	Structural	analysis	of	DNA	complexes	with	ZBTB18	missense	variants.	

(A)	Model	of	ZBTB18	N461S	missense	variant	zinc	fingers	1-4	bound	to	the	E1	sequence.	(B)	Major	interactions	of	
Tyr458,	Ser461,	and	His493	of	the	N461S	variant	with	E1,	E1mut,	E2	and	E2mut	sequences.	Hydrogen	bonds	(dashed	green	
lines),	 coordination	 bonds	 (dashed	 purple	 lines),	 and	 residues	 involved	 in	 hydrophobic	 contacts	 in	 at	 least	 one	 panel	
(transparent	spheres)	highlighted.	Views	rotated	slightly	relative	to	panel	(A)	to	improve	visibility	of	contacts.	In	all	panels,	
the	protein	 is	 coloured	 rainbow	 (blue	 to	 red)	 from	N-	 to	C-terminal,	with	 zinc	 atoms	 as	 grey	 spheres,	 and	DNA	 residues	
coloured	as	 follows:	dA	–	white;	dC	–	pink;	dG	–	pale	green;	dT	–	 tan.	 (C)	Model	of	ZBTB18	R495G	missense	variant	zinc	
fingers	 1-4	 bound	 to	 the	 E1	 sequence.	 (D)	Major	 interactions	 of	 Tyr458,	 Asn461,	 and	His493	 of	 N461S	 variant	with	 E1,	
E1mut,	 E2	 and	 E2mut	 sequences.	 Hydrogen	 bonds	 (dashed	 green	 lines),	 coordination	 bonds	 (dashed	 purple	 lines),	 and	
residues	 involved	 in	hydrophobic	 contacts	 in	 at	 least	 one	panel	 (transparent	 spheres)	highlighted.	Views	 rotated	 slightly	
relative	to	panel	(C)	to	improve	visibility	of	contacts.	

	
5.4.2 MISSENSE	 VARIANTS	 IN	 ZBTB18	 DISRUPT	 SEQUENCE-SPECIFIC	 DNA	

BINDING	AND	TRANSCRIPTIONAL	REPRESSION		

To	 substantiate	 our	molecular	predictions,	we	performed	electrophoretic	mobility	

shift	assays	(EMSAs)	with	DNA	probes	comprising	each	motif.	We	found	that	WT	ZBTB18	

formed	 distinct	 molecular	 complexes	 with	 a	 DNA	 probe	 comprising	 E1	 (Figure	 5.4.4A,	

arrows),	 with	 an	 additional	 complex	 formed	 by	 R495G	 (Figure	 5.4.4A,	 arrowhead).	 In	

agreement	with	our	modelling	results,	these	complexes	were	either	detected	at	very	low	

intensity	 or	 not	 detected	 at	 all	 in	 assays	with	WT	ZBTB18	and	E1mut	 (Figure	5.4.4B).	 In	

contrast	to	WT	ZBTB18,	however,	each	missense	variant	formed	distinct	complexes	with	

the	 E1mut	 motif	 (Figure	 5.4.4B,	 arrow	 and	 closed	 arrowhead),	 with	 R495G	 forming	 a	
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prominent	high-molecular	weight	complex	(Figure	5.4.4B,	open	arrowhead).	In	the	case	of	

the	 E2	 motif,	 ZBTB18	 and	 its	 missense	 variants	 formed	 molecular	 complexes	 (Figure	

5.4.4C,	 arrows),	 with	 additional	 complexes	 formed	 by	 R495G	 (Figure	 5.4.4C,	 open	 and	

closed	arrowheads).	However,	such	protein-DNA	complexes	were	not	identified	in	parallel	

experiments	 using	 a	 probe	 comprising	 the	 E2mut	 motif	 (Figure	 5.4.4D).	 Together,	 these	

modelling	 and	 in	vitro	 data	 indicate	 that	 ZBTB18	 binds	 its	 DNA	motifs	 E1	 and	 E2	 in	 a	

sequence-specific	manner,	while	its	missense	variants	bind	E1,	E2,	as	well	as	E1mut,	but	not	

E2mut.	

	

To	 understand	 the	 impact	 of	 each	 missense	 variant	 ZBTB18	 on	 transcriptional	

regulation	 in	vitro,	we	performed	 luciferase	reporter	assays	using	a	previously	validated	

synthetic	 promoter	 construct	 (termed	 BS10)	 (Aoki	 et	al.,	 1998),	 as	 well	 as	 a	 construct	

harbouring	 the	Rnd2	3’	enhancer	 (comprising	E1	and	E2	motifs)	 (Heng	et	al.,	2013).	We	

found	that	wild-type	ZBTB18	suppressed	 luciferase	reporter	activity,	while	N461S	failed	

to	 suppress	 reporter	 activity	mediated	 by	 the	 BS10	 synthetic	 enhancer,	 but	 stimulated	

luciferase	 signal	mediated	 by	 the	Rnd2	 3’	 enhancer	 (Figure	 5.4.4E-F).	 Unexpectedly,	we	

found	that	R495G	significantly	enhanced	luciferase	signal	in	both	reporter	constructs.	The	

capacity	for	N461S	and	R495G	to	stimulate	reporter	activity	was	extinguished	when	equal	

quantities	of	the	WT	construct	were	co-transfected	(Supplementary	Figure	A.3.2.4).	Next,	

we	 explored	 transcriptional	 reporter	 activity	 of	 ZBTB18	 and	 each	 ZBTB18	 missense	

variant	 using	 reporter	 constructs	 bearing	 either	 E1mut,	 E2mut,	 or	 both	 E1mut	 and	 E2mut	

motifs	 within	 the	 Rnd2	 3’	 enhancer	 sequence.	 For	 wild-type	 ZBTB18,	 transcriptional	

repression	 was	 only	 abolished	 in	 experiments	 with	 a	 reporter	 bearing	 both	 E1mut	 and	

E2mut	motifs,	confirming	its	sequence-specific	binding	to	native	E1	and	E2	motifs	(Figure	

6.4.4G).	 In	 contrast,	 statistically	 significant	 transcriptional	 activation	 by	 N461S	 was	

observed	in	constructs	bearing	E1+E2	or	E1mut+E2mut	motifs,	but	not	an	E1mut+E2	motif	or	

an	 E1+E2mut	 motif.	 When	 compared	 to	 WT	 ZBTB18,	 the	 N461S	 variant	 has	 reduced	

capacity	for	repression	in	the	context	of	E1+E2,	E1mut+E2	and	E1+E2mut	motif	pairs,	and	

activation	 in	context	of	 the	E1mut+E2mut	motif	pair	 	 (Figure	5.4.4H	and	summarised	 in	

Supplementary	Figure	SA.3.2.5).	These	data	 suggest	 that	 the	N461S	variant	has	 reduced	

repressor	activity	compared	to	WT,	and	may	influence	transcriptional	activation	in	some	

contexts.	 	 Conversely,	 R495G	 robustly	 stimulated	 reporter	 activity	 in	 all	 four	 reporter	

constructs,	 suggesting	 this	 variant	 has	 strong	 capacity	 for	 activation	 in	 all	 contexts		

(Figure	5.4.4I	and	summarised	Supplementary	Figure	A.3.2.5C).	
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E1	ŵŽƚŝĨ E1mut�ŵŽƚŝĨ E2	ŵŽƚŝĨ EϮmut�ŵŽƚŝĨ

E19	sequences in	the	wildtype, while in the N461S and R495G variants, this preference is reversed.
The corresponding pair to this residue, dG 4’, is also a	major contributor to the binding energy,
particularly in	complexes involving E18 sequences. dG 6 generally makes major contributions	to the
binding energy in	the binding of the original sequences, while its contribution	is generally diminished	
in	the binding of the mutant sequences, despite this residue being the same in	both	the original and	
mutant sequences. A clear preference for dG	at position 9 is observed, with mutation to dA at this
position	generally poorly tolerated, and	in	some complexes, contributing unfavourably	to the
binding energy.

DISCUSSION

…
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Figure captions

Fig XX. Predicted structural basis of ZBTB18	<protein variant>	recognition of <DNA variant>. A. 3D
structure (prepared using PyMOL)	of	representative complex from MD simulations. ZBTB18	depicted
as cartoon with N- to C-terminal colouring from blue to red. Approximate domain colourings: C2H2 1
– blue-cyan; C2H2 2 – green-yellow; C2H2 3 – yellow-orange; C2H2 4 – orange-red. Zinc centres	
shown as	grey spheres, protein	residues listed	in	Table VV shown	as sticks. <DNA variant> depicted	
as mixed cartoon-sticks	with white backbone and nucleosides	coloured by type: deoxyadenosine –
white; deoxyguanosine – pale green; deoxythymidine – pale yellow;	deoxycytidine – pale pink. B. 2D
representation (prepared using NUCPLOT)	of	hydrogen bonds in the representative complex.
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Figure	5.4.4	-	Functional	analysis	of	ZBTB18	and	its	disease-associated	variants	during	DNA	
binding	and	transcriptional	regulation,	in	vitro.	

	(A-D)	EMSAs	conducted	with	biotinylated	DNA	probes	in	the	presence	of	WT,	N461S	and	R495G.	Control	represents	
experiments	with	 lysate	harvested	 from	mock-transfected	 cells.	 Square	brackets	 indicate	 binding	 complexes	 of	 very	high	
molecular	weight	detected	in	EMSAs	with	all	four	DNA	probes,	suggesting	these	bands	to	comprise	non-specific	factors	in	all	
cell	lysates.	(A)	WT,	N461S	and	R495G	produced	complexes	with	E1	(arrows),	with	R495G	forming	higher	molecular	weight	
complexes	(arrowhead).	(B)	N461S	and	R495G	formed	complexes	(closed	arrowhead	and	arrow)	with	an	E1mut	probe,	with	
R495G	 forming	 an	 additional,	 prominent	 high	 molecular	 weight	 complexes	 (open	 arrowhead).	 A	 very	 weak	 signal	
representing	a	complex	between	WT	and	E1mut	was	detected	(arrow).	(C)	WT,	N461S	and	R495G	formed	complexes	with	
the	E2	probe	(arrows),	with	WT	and	R495G	forming	additional	molecular	weight	complexes	which	were	common	(closed	
arrowhead)	 and	unique	 (open	 arrowhead)	 to	 these	 two	 species.	 (D)	No	 specific	 binding	 complexes	were	 observed	when	
assessed	with	E2mut	probe.	(E)	Luciferase	assays	with	a	BS10	reporter	show	that	WT	ZBTB18	suppresses	reporter	activity	
while	N461S	does	not.	R495G	potentiates	reporter	activity.	(F)	Luciferase	reporter	assays	with	an	Rnd2	3’	enhancer	show	
that	 N461S	 and	 R495G	 potentiate	 reporter	 activity.	 (G)	 Luciferase	 reporter	 assays	 utilising	Rnd2	 3’	 enhancer	 constructs	
harbouring	 native	 E1	 and	 E2	 motifs	 (black	 segments);	 or	 mutated	 E1mut	 and	 E2mut	 motifs	 (grey	 segments)	 confirm	
sequence-specificity	of	WT	ZBTB18	to	repress	activity	from	this	reporter	through	E1	and	E2,	and	not	via	E1mut	and	E2mut.	
(H)	 with	 N461S,	 statistically	 significant	 transcriptional	 activation	 by	 N461S	 was	 observed	 in	 constructs	 bearing	 E1+E2	
(P>0.05)	 or	 E1mut+E2mut	 (p<0.01)	motifs,	 but	 not	 an	 E1mut+E2	motif	 or	 an	 E1+E2mut	motif.	When	 compared	 to	WT	
ZBTB18,	 the	N461S	variant	has	reduced	capacity	 for	repression	 in	 the	context	of	E1+E2	(p<0.1),	E1mut+E2	(p<0.05)	and	
E1+E2mut	 (p<0.0001)	 motif	 pairs;	 as	 well	 as	 apparent	 activation	 of	 the	 E1mut+E2mut	 (p<0.01)	 motif	 pair.	 (I)	 R495G	
augments	 luciferase	 reporter	 activity	 across	 all	 constructs.	 Values	 represent	 fold-change	 of	 signal	 relative	 to	 control	
condition	±	SEM.	For	all	graphs	Kruskal–Wallis	performed,	followed	by	a	two-way	Mann–Whitney	U	test;	*P<0.05,	**P<0.01,	
***P<0.001,	****P<0.0001	compared	to	control;	#P<0.05,	##P<0.01,	###P<0.001,	####P<0.0001	compared	to	WT	ZBTB18.	
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Next,	 we	 performed	 transfection	 experiments	 utilising	 FLAG-tagged	 ZBTB18	

constructs	to	explore	the	impact	of	each	missense	variant	on	subcellular	localisation	and	

expression.	 Twenty-four	 hours	 after	 transfection	 we	 observed	 reduced	 nuclear	

localisation	of	N461S	compared	to	wild-type	ZBTB18,	concomitant	with	a	corresponding	

increased	pancellular	distribution	 (Supplementary	Figure	A.3.2.5A-B).	The	proportion	of	

cells	 with	 a	 punctate	 distribution	 of	 R495G	 within	 the	 nucleus	 was	 also	 significantly	

increased	compared	to	wild-type	ZBTB18	(Supplementary	Figure	A.3.2.6D).	These	effects	

were	 transient	 and	 they	were	 not	 observed	 48	 hours	 post-transfection	 (Supplementary	

Figure	 A.3.2.6D-G).	 We	 also	 routinely	 observed	 significantly	 fewer	 FLAG-N461S	

immunopositive	 cells	 compared	 with	 wild-type	 and	 R495G-transfected	 cells	 suggesting	

that	 N461S	 might	 be	 unstable	 (Supplementary	 Figure	 A.3.2.7A-B).	 Furthermore,	 low	

steady-state	 levels	 of	 FLAG-N461S	 protein	 from	 lysates	 of	 transiently	 transfected	 cells	

were	observed	(Supplementary	Figure	A.3.2.7C-D).	To	 further	 investigate	the	hypothesis	

that	the	N461S	variant	might	be	unstable,	we	examined	FLAG-tagged	ZBTB18	expression	

in	 transfected	 cells	 treated	 with	 the	 proteasome	 inhibitor	 MG132	 for	 up	 to	 8	 hours	

followed	 by	 Western	 blotting	 analysis	 (Supplementary	 Figure	 A.3.2.7E-F).	 In	 this	

experiment,	 we	 reproducibly	 observed	 a	 very	 low	 immunoblotted	 FLAG	 signal	 in	 the	

lysate	of	N461S	transfected	cells	compared	to	WT	and	R495G	transfection	treatments	at	0	

hours	 of	MG132	 treatment	 (Supplementary	 Figure	 A.3.2.7E).	 However,	 after	 4	 hours	 of	

MG132	treatment	the	FLAG	signal	was	significantly	increased	for	N461S,	compared	to	no	

MG132	 treatment.	 Following	 8	 hours	 MG132	 exposure,	 N461S,	WT	 and	 R495G	 variant	

levels	were	significantly	increased	(Supplementary	Figure	A.3.2.7F).	These	results	indicate	

that	the	N461S	variant	exhibits	an	exaggerated	protein	instability	compared	to	WT,	and	is	

prone	to	degradation	in	cells.	

	
5.4.3 DISEASE-ASSOCIATED	 MISSENSE	 VARIANTS	 TO	 ZBTB18	 DISRUPT	 RADIAL	

MIGRATION	WITHIN	THE	EMBRYONIC	CEREBRAL	CORTEX		

The	 transcriptional	 regulatory	 activities	 of	 ZBTB18	 are	 essential	 to	 mammalian	

neurodevelopment,	 and	 suppression	 of	 Zbtb18	 impairs	 radial	 migration	 of	 cortical	

projection	 neurons	 from	 their	 birthplace	 within	 the	 germinal	 ventricular	 zone	 (VZ),	

including	their	multipolar-to-bipolar	transition	within	the	intermediate	zone	(IZ)	as	they	

reach	the	cortical	plate	(CP)	of	the	embryonic	cerebral	cortex	(Heng	et	al.,	2013;	Ohtaka-

Maruyama	 et	al.,	 2013).	 Hence,	 we	 assessed	 the	 capacity	 for	 ZBTB18	 and	 its	 missense	

variants	to	influence	the	radial	migration	of	E14.5-born	cortical	neurons	within	the	E17.5	

cortex	 through	 a	 series	 of	 in	utero	 electroporation	 experiments.	 Treatment	with	Zbtb18	

shRNA	disrupted	the	capacity	for	cells	to	migrate	into	the	CP;	however,	this	impairment	is	
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corrected	by	co-delivery	of	wild-type	ZBTB18	(Figure	5.4.5A-G),	consistent	with	previous	

findings	 (Heng	et	al.,	2013;	Ohtaka-Maruyama	et	al.,	2013).	Strikingly,	we	 found	 that	co-

delivery	of	N461S	significantly	augmented	the	radial	migration	of	Zbtb18	 shRNA-treated	

cells	into	the	CP	and	markedly	potentiated	their	intracortical	positioning	within	the	upper	

CP	 (Figure	 5.4.5F-G).	 We	 could	 not	 detect	 N461S	 immunofluorescence	 in	 rescued	 cells	

(Supplementary	 Figure	 A.3.2.8),	 consistent	 with	 the	 notion	 that	 this	 protein	 variant	 is	

unstable	(see	Supplementary	Figure	A.3.2.7),	and	beyond	the	limit	of	immunodetection	in	

electroporated	cortical	cells.	In	contrast,	co-delivery	of	R495G	exacerbated	their	migration	

defect	 (Figure	 5.4.5F-G).	 We	 also	 performed	 electroporation	 experiments	 on	 E14.5	

cortices	collected	two	days	later	(ie	at	E16.5)	to	observe	that	the	proportion	of	cells	within	

the	 CP	 was	 not	 significantly	 different	 across	 all	 conditions	 (Supplementary	 Figure	

A.3.2.9A-B).	Therefore,	our	data	suggests	that	the	differential	effects	on	radial	migration	of	

N461S	 and	 R495G	 variants	 are	 relevant	 to	 the	 transition	 from	 multipolar	 to	 bipolar	

migration	as	cells	migrate	within	the	IZ	and	CP.	

	

	

Next,	 the	shapes	of	 IZ	and	CP	neurons	were	analysed	across	each	treatment	group	

and	 found	 that	 knockdown	of	Zbtb18	 led	 to	 a	 significant	 reduction	 in	 the	 proportion	 of	

uni/bipolar-shaped	 cells	 in	 the	 CP	 and	 a	 concomitant	 increase	 in	 the	 proportion	 of	

multipolar	shaped	cells,	as	well	as	significantly	shortened,	leading	neurites	(Figure	5.4.5H-

O).	Co-delivery	of	WT	ZBTB18	resulted	in	significant	restorative	effects	on	cell	shape	and	

leading	neurite	length	(Figure	5.4.5M-O).	In	contrast,	co-delivery	of	N461S	did	not	affect	IZ	

cell	 shape	 but	 instead	 led	 to	 an	 increase	 in	multipolar-shaped	 cells	 within	 the	 CP	with	

shorter	 leading	 neurites	 (Figure	 5.4.5O),	 suggestive	 of	 dysregulated	 locomotion	 which	

results	in	their	enhanced	localisation	within	the	upper	CP.	On	the	other	hand,	co-delivery	

of	R495G	led	to	an	increase	in	multipolar-shaped	cells	 in	the	IZ,	which	we	interpret	as	a	

disruption	 of	 multipolar-to-bipolar	 transition	 within	 the	 cortical	 subcompartment.	 Cell	

shape	 profiles	 and	 leading	 neurite	 lengths	 of	 the	 few	 cells	 arriving	within	 the	 CP	were	

significantly	different	to	wild-type	ZBTB18	rescue,	consistent	with	a	detrimental	impact	of	

R495G	expression	in	CP	cells.	Taken	together,	missense	variants	of	ZBTB18	impair	radial	

migration	 in	 a	 cell	 autonomous	 fashion,	 and	 disrupt	 neurite	 outgrowth	 in	 immature	

cortical	neurons.	
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Figure	5.4.5	-	The	effects	of	ZBTB18	and	its	disease-associated	variants	on	radial	migration	
of	E14.5-born	cortical	Cells.	

	(A-E)	In	utero	electroporation	of	E14.5	mouse	cortex	with	either;	control	shRNA	and	an	empty	vector	(A),	Zbtb18	
shRNA	and	an	empty	vector	(B),	Zbtb18	shRNA	and	WT	(C),	Zbtb18	shRNA	and	N461S	(D),	or	Zbtb18	shRNA	and	R495G	(E).	
Brains	 were	 collected	 three	 days	 later	 (E17.5),	 white	 bars	 indicate	 the	 cortical	 plate	 (CP),	 intermediate	 zone	 (IZ),	 and	
ventricular	zone/subventricular	zone	(VS/SVZ).	(F)	Quantification	of	distribution	of	GFP-labelled	cells	within	the	CP,	IZ,	and	
VS/SVZ.	(G)	Quantification	of	GFP-labelled	cells	within	the	upper,	middle,	and	lower	CP	(uCP,	mCP,	and	lCP,	respectively).	
(H–L)	 Representative	 images	 of	 neurons	 within	 either	 the	 cortical	 plate	 (CP)	 or	 the	 intermediate	 zone	 (IZ)	 of	 in	utero	
electroporation	brains	 (E14.5,	 collected	E17.5)	 for	either;	 control	 shRNA	and	an	empty	vector	 (H),	Zbtb18	shRNA	and	an	
empty	vector	(I),	Zbtb18	shRNA	and	WT	(J),	Zbtb18	shRNA	vector	and	N461S	(K),	or	Zbtb18	shRNA	and	R495G	(L).	White	
arrowheads	 indicate	 round	cells,	unfilled	arrowheads	 indicate	multipolar	 cells,	 and	 indented	arrowheads	 indicate	bipolar	
cells.	(M-N)	Proportions	of	cells	exhibiting	different	morphologies	(round,	uni/bipolar,	and	multipolar)	in	each	brain	region.	
(O)	Leading	processes	of	GFP+	cells	within	 the	CP	were	analysed.	FLAG-tagged	WT	and	R495G	was	 immunodetectable	 in	
cortical	cells,	but	not	in	N461S	treatment	(Supplementary	Figure	A.3.2.8).	For	all	graphs	Kruskal–Wallis	performed,	followed	
by	a	two-way	Mann–Whitney	U	test	(Mean	±	SEM	n	≥	6	(≥161	processes	per	brain	for	(O));	*P<0.05,	**P<0.01	compared	to	
control;	#P<0.05,	##P<0.01	compared	to	Zbtb18	shRNA.	Scale	bar	in	(E)	represents	200	μm.	Scale	bar	in	(L)	represents	25	
μm.	

	

5.5 DISCUSSION	

In	 this	 study,	we	 have	 applied	molecular	modelling	 approaches	 to	 investigate	 the	

binding	of	ZBTB18	to	two	native	DNA	motifs	(E1	and	E2)	within	the	3’	enhancer	region	for	

the	migration-promoting	gene,	Rnd2;	as	well	as	their	mutagenised	counterparts	(E1mut	and	

E2mut).	We	demonstrate	 that	MM-GB/SA	analysis	 is	effective	 to	model	ZBTB18	wild-type	

and	variant	complexes	with	different	DNA	sequences.	This	is	remarkable	considering	the	

difficulties	associated	with	the	development	of	accurate	DNA	force	fields	for	simulations,	

and	 the	assumptions	 required	 for	use	of	 the	MM-GB/SA	approach	 (Genheden	and	Ryde,	

2015).	 A	 strength	 to	 our	 approach	 has	 been	 to	 incorporate	 information	 from	 multiple	

templates,	as	well	as	using	a	sequence	homology-based	approach	 to	 identifying	relevant	
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DNA	 structural	 templates,	 during	 the	 initial	 homology	 modelling.	 As	 a	 result,	 we	 have	

developed	stable	DNA-protein	complexes	and	calculated	binding	energies	for	ZBTB18	and	

its	variants,	with	observations	substantiated	by	biochemical	observations	in	this	study.		

	

A	 recent	 study	 by	 van	 der	 Shoot	 and	 colleagues	 identified	 via	 exome	 sequencing	

ZBTB18	 variants	 at	 Arg464	 in	 patients	 with	 neurological	 abnormalities,	 and	 used	

homology	modelling	 against	 a	 single	 template	 structure	 and	 a	 model	 DNA	 fragment	 to	

illustrate	its	potential	for	direct	involvement	in	DNA	binding	(van	der	Schoot	et	al.,	2018).	

While	our	study	also	identified	Arg464	as	a	major	contributor	to	DNA	binding	by	ZBTB18,	

our	 rigorous	 modelling	 approach	 utilising	 multiple	 templates	 to	 develop	 a	 model	 of	

ZBTB18	 bound	 to	 cognate	 DNA	 motifs	 can	 provide	 fine	 detail	 into	 the	 energetic	

contributions	 to	binding	made	by	each	 residue,	 including	Asn461	and	His493.	Crucially,	

we	applied	this	modelling	approach	also	to	enable	us	to	investigate	the	impact	of	ZBTB18	

missense	variants	on	DNA	binding.	Indeed,	we	found	that	substitution	of	Asn461	to	serine	

alters	 the	 DNA-binding	 specificity	 of	 ZBTB18,	 and	 disrupts	 the	 capacity	 for	 this	 TF	 to	

mediate	 transcriptional	 repression	 and	 radial	 migration.	 Furthermore,	 our	 models	 of	

ZBTB18	with	mutated	DNA	motifs	indicated	that	residues	with	very	limited	DNA	contact,	

such	 as	 Arg495,	 might	 be	 relevant	 for	 non-specific	 binding	 to	 additional	 DNA	 motifs.	

Indeed,	we	 find	 that	 the	missense	 variant	 R495G	 dramatically	 altered	 the	 DNA-binding	

specificity,	 transcriptional	repressor	activity	and	neurobiological	 functions	of	ZBTB18.	 It	

has	 recently	 been	 established	 that	 non-base-contacting	 residues	 are	 crucial	 to	 the	

evolution	of	C2H2	zinc	finger	DNA	binding	(Najafabadi	et	al.,	2017)	and	our	results	suggest	

that	 molecular	 modelling	 approaches	 are	 capable	 of	 informing	 the	 structural	 and	

functional	consequences	of	substitution	variants	and	non-base-contacting	residues.	

	

Our	biochemical	 characterisation	of	N461S	and	R495G	variants	demonstrates	 that	

each	variant	displays	distinct	effects	on	its	subcellular	localisation,	as	well	as	its	capacity	

to	mediate	transcriptional	repression	in	a	 luciferase	reporter	assay.	The	altered	capacity	

for	 N461S	 to	 traffic	 into	 the	 nucleus	 could	 arise	 as	 a	 consequence	 of	 disruptions	 to	 its	

association	with	 nuclear	 import	 proteins,	 thereby	 influencing	 its	 availability	 within	 the	

nucleus	 to	 mediate	 transcription.	 Also,	 we	 reported	 low	 steady-state	 levels	 of	 N461S	

observed	in	transfected	cells	and	electroporated	neurons,	demonstrating	that	 the	N461S	

variant	 is	 unstable;	 both	 in	vitro	and	in	vivo.	 This	 suggests	 that	 the	N461S	 variant	 has	 a	

pathophysiological	role	with	very	low	expression	levels	in	cells.	In	the	case	of	the	R495G	

variant,	we	find	that	the	presence	of	this	variant	influences	the	sub-nuclear	localisation	of	

ZBTB18,	leading	to	its	accumulation	in	nuclear	puncta,	suggestive	of	protein	aggregation.	
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Over	time,	we	find	that	the	distribution	patterns	of	N461S	and	R495G	are	not	significantly	

different	 to	 wild-type,	 hence	 we	 conclude	 that	 each	 missense	 variant	 likely	 causes	 a	

transient	 delay	 in	 the	 appropriate	 localisation	 of	 ZBTB18	 within	 cells,	 leading	 to	

asynchronisation	of	its	nuclear	functions,	ultimately	disrupting	its	capacity	to	orchestrate	

neurodevelopment.		

	

In	 addition	 to	 transient	 disruptions	 in	 subcellular	 localisation,	 we	 find	 that	 the	

transcriptional	 repressor	 functions	 for	 each	missense	 variant	 are	 disrupted	 in	 different	

ways.	For	example,	we	 find	 that	 the	N461S	variant	has	 lost	 the	capacity	 for	suppressing	

transcription	via	the	BS10	and	Rnd2	3’	enhancer	constructs	 in	our	 luciferase	assays,	and	

can	 potentiate	 transcriptional	 activation	 in	 certain	 contexts.	 We	 speculate	 that	 the	

impaired	capacity	for	ZBTB18-mediated	repression,	together	with	low	steady-state	levels,	

explains	 the	 pathological	 impact	 of	 the	 N461S	 variant,	 leading	 to	 an	 imbalance	 in	 the	

regulation	 of	 downstream	 target	 genes.	 In	 contrast,	 we	 find	 that	 the	 R495G	 variant	

appears	 to	 have	 acquired	 strong	 transcriptional	 activation	 potential	 in	 vitro,	 with	

attendant	 consequences	 on	 gene	 regulation	 in	 cells.	 Given	 that	 ZBTB18	 mediates	 its	

transcriptional	regulatory	functions	in	part	through	its	recruitment	of	co-repressors	such	

as	Dnmt3a	(Fuks	et	al.,	2001),	we	further	speculate	that	N461S	and	R495G	are	altered	in	

their	 capacity	 to	 bind	 protein	 partners	 for	 transcriptional	 regulation,	 and	 may	 recruit	

protein	complexes	that	potentiate	gene	expression.	Our	capacity	to	visualise	such	changes	

in	protein-DNA	complexes	in	our	EMSA	experiments	was	confounded	by	the	presence	of	

endogenous	ZBTB18	binding	to	the	E1	motif	in	the	lysates	of	mock-transfected	cells.	Also,	

our	 experiments	with	 E2mut	motifs	 did	 not	 yield	 specific	 complexes	 for	 ZBTB18	 and	 its	

missense	variants.	Nevertheless,	we	did	observe	unique	protein-DNA	complexes	 formed	

by	N461S	on	the	E1mut	motif,	as	well	as	by	R495G	on	the	E1,	E1mut	and	E2	motifs.	Thus,	we	

surmise	 that	 luciferase	 reporter	 activity	 mediated	 by	 N461S	 can	 be	 explained	 by	 its	

preferential	binding	to	E1,	E1mut	and	E2	motifs,	while	R495G	recruits	additional	factors	to	

potentiate	reporter	activity	upon	binding	to	these	motifs	(supplementary	Figure	A.3.2.5).	

As	 such,	 the	 “loss-of-repression”	variant	N461S	and	 the	 “gain-of-transactivation”	variant	

R495G	 are	 postulated	 to	 influence	 gene	 expression	 during	 neurodevelopment,	 likely	

through	 dysregulation	 of	 downstream	 genes	which	 influence	 the	 radial	 positioning	 and	

differentiation	of	neurons.	

	

Through	 a	 series	 of	 functional	 assays,	 we	 found	 that	 the	 presence	 of	 N461S	 and	

R495G	affect	the	development	and	positioning	of	newborn	neurons	within	the	embryonic	

cerebral	cortex	in	different	ways.	Notably,	the	impact	on	transcriptional	regulation	during	
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radial	migration	 is	 likely	 to	 be	 two-fold.	 	 Firstly,	 the	 presence	 of	 each	missense	 variant	

could	lead	to	spurious	binding	of	DNA	regulatory	sequences,	resulting	in	changes	in	gene	

expression	levels	beyond	ZBTB18	targets.	Secondly,	the	presence	of	each	missense	variant	

has	a	unique	effect	on	radially	migrating	neurons	within	the	embryonic	cerebral	cortex.	As	

such,	our	results	support	a	scenario	in	which	the	“loss-of-repression”	variant,	N461S,	has	a	

different	 impact	 on	 radial	migration,	 in	 contrast	 to	 the	 “gain-of-transactivation”	 variant,	

R495G	(See	Supplementary	Figure	A.3.2.10	for	an	illustrative	summary).	In	such	a	model,	

loss-of-repression	owing	to	the	presence	of	the	N461S	variant	influences	gene	regulation	

within	radially	migrating	neurons,	leading	to	their	preferential	insertion	within	the	upper	

Cortical	 Plate	 as	 multipolar-shaped	 cells,	 suggestive	 of	 disrupted	 radialglial-guided	

locomotion.	 In	contrast,	 the	R495G	variant	potentiates	gene	expression	so	as	to	severely	

impair	their	radial	migration,	culminating	in	a	failure	in	multipolar-to-bipolar	transition	of	

cortical	 cells,	 and	 their	 accumulation	within	 the	 IZ.	 Indeed,	we	previously	 reported	 that	

too	 much	 or	 too	 little	 Rnd2	 disrupts	 radial	 migration,	 such	 that	 its	 overexpression	 in	

cortical	 neurons	 impairs	 the	 capacity	 for	 cells	 to	 adopt	 appropriate	 morphologies	 to	

undergo	 movement	 (Heng	 et	 al.,	 2013;	 Pacary	 et	 al.,	 2011).	 Consistent	 with	 this	

interpretation,	 our	 analysis	 of	 IZ	 and	CP	neurons	 in	 the	 rescue	 assays	 revealed	 that	 the	

presence	 of	 the	 R495G	 variant	 augmented	 the	multipolar	 phenotype	 of	 Zbtb18	 shRNA-

treated	neurons,	thereby	suggesting	an	additive	effect	on	cell	shape	which	could	underlie	

its	negative	 impact	on	 radial	migration.	 In	 contrast,	 treatment	with	N461S	did	not	have	

such	an	effect	in	Zbtb18	shRNA-treated	cells	in	the	IZ	or	the	CP.	In	addition,	Zbtb18	shRNA-

treated	CP	neurons	co-electroporated	with	R495G	extended	longer	leading	neurites	while	

N461S	 treatment	 did	 not	 have	 such	 an	 effect.	 Therefore	 suggesting	 different	 cellular	

mechanisms	 that	underlie	 the	 aberrant	migration	of	neurons	 in	 each	 respective	in	utero	

electroporation	 treatment.	 Based	 on	 our	 results,	 we	 surmise	 that	 the	 presence	 of	 each	

substitution	 variant	 has	 a	 significant	 effect	 on	 the	 development	 of	 neurons	 within	 the	

mammalian	brain.	Future	studies	will	address	how	each	substitution	variant	disrupts	the	

long-term	positioning,	dendritic	branching	and	 synaptic	 connectivity	of	 cortical	neurons	

within	the	postnatal	cortex.		

	

It	 has	 been	 reported	 that	 more	 than	 half	 of	 all	 pathogenic	 variants	 identified	 in	

ZBTB18	are	predicted	to	be	truncating,	suggesting	that	haploinsufficiency/loss-of-function	

represents	a	general	pathomechanism	(Depienne	et	al.,	2017).	Yet,	the	majority	of	disease-

associated	missense	variants	to	ZBTB18	lie	within	the	C-terminal	zinc	finger	DNA-binding	

domain.	Therefore,	our	investigation	of	the	N461S	and	R495G	variants	has	been	crucial	to	

demonstrate	 that	 altered	 transcriptional	 regulation	 also	 represents	 an	 important	

pathological	mechanism	for	ZBTB18	variants	in	brain	developmental	disease.	Altogether,	
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our	 in	silico	models	 and	 functional	 studies	 demonstrate	 that	missense	 variants	 to	 base-

contact	and	non-base-contact	residues	 influence	DNA	binding,	 transcriptional	repression	

and	neurodevelopmental	signalling.	

	

The	 differences	 in	 functions	 for	 each	 pathogenic	 missense	 variant	 draw	 parallels	

with	the	differences	in	phenotypic	presentation	of	the	patients	with	either	ZBTB18	variant	

(Farwell	 et	 al.,	 2015;	 Rauch	 et	 al.,	 2012).	 Particularly,	 while	 intellectual	 disability	 was	

diagnosed	in	both	subjects,	 the	subject	harbouring	an	N461S	variant	was	also	diagnosed	

with	microcephaly	and	hypoplasia	of	the	corpus	callosum	(Cohen	et	al.,	2017).	In	contrast,	

the	subject	diagnosed	with	the	R495G	variant	was	diagnosed	with	macrocephaly	(Rauch	et	

al.,	2012).	We	speculate	that	the	presence	of	missense	mutations	to	the	zinc	finger	domain	

of	 ZBTB18	 influences	 its	 capacity	 to	 bind	 DNA	 in	 a	 sequence-specific	 fashion,	 affect	 its	

transcriptional	 regulatory	 functions,	 and	 negatively	 impact	 on	 neural	 development	 to	

cause	a	spectrum	of	brain	disorders	 in	children.	Functional	studies	of	common	missense	

variants	 that	 lie	 within	 the	 DNA-binding	 domain	 of	 ZBTB18	 will	 also	 be	 important	 to	

clarify	their	potential	impact	on	transcriptional	regulation	in	human	health	and	disease.	
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_______________________________________________________________________________________________________	

6 A NEW CONSENSUS METHOD FOR THE 
PRIORITISATION OF MISSENSE VARIANTS:  
A STUDY OF NEUROLOGICAL DISORDER-
ASSOCIATED VARIANTS OF ZBTB18 

_______________________________________________________________________________________________________	

	
The	 work	 within	 this	 chapter	 has	 been	 prepared	 as	 a	 manuscript,	 with	

supplementary	information	in	Appendix	A,	subsection	A.4.1.	

	
6.1 PREAMBLE	

Work	 in	 Chapter	 4	 highlighted	 the	 importance	 of	 the	 role	 ZBTB18-mediated	

transcriptional	regulation	plays	during	neuronal	development	(Chapter	4),	while	the	work	

in	Chapter	5	demonstrated	the	impact	of	disease-associated	ZBTB18	missense	variants	on	

this	role	in	relation	to	human	brain	disorder.	Based	on	these	findings,	it	was	hypothesised	

that	 other	 ZBTB18	 missense	 variants	 identified	 within	 general	 population	 cohort	

databases	 (such	 as	 the	 gnomAD)	 might	 also	 affect	 ZBTB18-mediated	 transcriptional	

regulation.	 To	 identify	 ZBTB18	 missense	 variants	 that	 could	 possibly	 impact	 ZBTB18	

function,	a	new	in	silico	consensus	prioritisation	approach	was	developed	and	is	described	

within	 this	 chapter	 (Chapter	 6).	 A	 selection	 of	 missense	 variants	 predicted	 to	 impact	

ZBTB18-mediated	 transcriptional	 repression	 was	 identified	 using	 this	 approach.	 The	

selected	variants	were	taken	for	experimental	characterisation	to	explore	their	impact	on	

DNA-binding	 and	 transcriptional	 regulation.	 The	 experimental	 characterisation	 involved	

in	 silico	 modelling	 of	 the	 ZBTB18	 zinc	 finger	 region	 for	 each	 variant	 protein	 and	

undertaking	 in	vitro	 luciferase	assays.	The	characterisation	experiments	endorse	 the	use	

of	 this	 approach	 to	 identify	 variants	 of	 interest	 from	 a	 database,	 with	 a	 subset	 of	 the	

selected	 variants	 shown	 to	 impact	 ZBTB18-mediated	 transcriptional	 repression.	

Moreover,	the	in	silico	consensus	prioritisation	approach	explored	within	this	chapter	is	a	

new	tool	that	can	now	be	utilised	for	prioritising	missense	variants	of	interest	from	within	

other	 genes.	 Altogether,	 the	 findings	 demonstrate	 that	 gnomAD-identified	 missense	

variants	 can	 have	 a	 functional	 impact	 on	 the	 capacity	 for	 ZBTB18	 to	 bind	 DNA	 and	

influence	 transcription.	 Furthermore,	 this	 work	 suggests	 a	 significant	 relationship	

between	 the	 presence	 of	 a	 ZBTB18	 missense	 variant	 and	 the	 diagnosis	 of	 a	

neurological	condition.	

	

6	
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6.2 INTRODUCTION		

Initially,	 it	 was	 considered	 that	 neurological	 disorders	 largely	 arose	 from	 the	

disruption	of	specific	molecular	procedures,	resulting	in	disease	progression;	such	as	the	

amyloid	 cascade	hypothesis	 in	Alzheimer’s	disease	 (Hardy	and	Selkoe,	2002;	Hardy	and	

Higgins,	1992).	However,	 it	 is	now	understood	that	 the	development	and	progression	of	

neurological	 disorders	 are	 due	 to	 the	 disruption	 of	 common	molecular	 processes,	 with	

most	neurological	disorders	believed	to	converge	on	a	few	processes.	The	known	factors	

influencing	 neurodegeneration	 include	 inflammation	 (reviewed	 in	 detail	 for	 NMDAR	

encephalitis	in	Day,	Tang-Wai	and	Shamy,	2016),	oxidative	stress	(reviewed	in	Lourenco,	

Ferreira	and	De	Felice,	2015),	and	synaptic	dysfunction	(reviewed	in	Lepeta	et	al.	2016).	

In	 cases	 of	 inflammation	 within	 the	 nervous	 system	 exaggerated,	 and	 sometimes	

catastrophic	 (Day,	 Tang-Wai	 and	 Shamy,	 2016),	 immune	 responses	 can	 result	 in	 both	

neuronal	phagocytosis	and	demyelination	(Chitnis	T	and	Weiner	HL,	2017).	Furthermore,	

proinflammatory	 signals	 can	 lead	 to	 increased	 oxidative	 stress	 in	 neurons	 and	 trigger	

neuronal	 stress	mechanisms,	 resulting	 in	mitochondrial	pore	permeability	and	neuronal	

apoptosis	 when	 persistently	 initiated	 (reviewed	 in	 Lourenco,	 Ferreira	 and	 De	 Felice,	

2015).	Additional	research	has	identified	that	the	loss	of	synapses	strongly	correlated	with	

cognitive	 decline	 in	 neurological	 disorders	 (Scheff	 et	al.,	 2011;	 Baloyannis	 et	al.,	 2000;	

Terry	et	al.,	1991),	such	as	Alzheimer’s	disease.	

	

It	 is	 now	 understood	 that	 alterations	 to	 synapse	 physiology	 and	 the	 resulting	

changes	 in	 neuronal	 circuitry,	 termed	 synaptopathy	 (Li,	 Plomann	 and	 Brundi,	 2003),	

contribute	 to	 both	 neurodevelopmental	 and	 neurodegenerative	 disorders	 (reviewed	 in	

Lepeta	et	al.	2016).	In	the	case	of	neurodevelopmental	disorders	such	as	autism,	this	has	

been	 further	 developed	 with	 the	 disrupted	 connectivity	 hypothesis.	 The	 hypothesis	

proposes	 that	 the	 observed	 clinical	 symptoms	 are	 the	 result	 of	 changes	 during	 brain	

development,	 leading	 to	dysfunction	 in	 the	synchronisation	and	coordination	of	synapse	

activity	 among	 different	 brain	 regions	 (Vasa	 et	 al.	 2016).	 In	 the	 case	 of	 later-onset	

neurological	disorders,	progression	is	more	complex.	However,	it	is	generally	understood	

that	 the	 interplay	 between	 both	 genetic	 burdens	 and	 environmental	 events	 results	 in	

alterations	to	neuronal	circuitry,	leading	to	the	progression	of	the	condition	(reviewed	in	

McTeague	et	al.	2017;	reviewed	in	Akil	et	al.	201),	often	referred	to	as	the	two	hit	model.	

The	 first	 hit,	 genetic	 variants,	 leads	 to	 the	 formation	 of	 neuronal	 circuitry	 that	 is	more	

susceptible	to	the	second	hit,	environmental	events,	 leading	to	the	neurological	disorder	

(Maynard	et	al.,	2001).	Thus,	changes	in	thinking	about	neurological	disorder	causes	have	

highlighted	the	need	to	investigate	the	impact	of	genetic	variation	on	neuronal	circuitry.	
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One	way	in	which	changes	to	neuronal	circuitry	can	occur	is	through	disruptions	to	

the	 regulation	 of	 brain	 development	 via	 alterations	 to	 transcription	 factors	 (TFs)	

(reviewed	in	Paolicelli	and	Ferretti,	2017;	reviewed	in	Flavell	and	Greenberg,	2008).	One	

such	TF	shown	to	regulate	certain	aspects	of	early	brain	development	and	neuronal	circuit	

formation	is	ZBTB18	(Heng	et	al.,	2013;	Ohtaka-Maruyama	et	al.,	2013;	Hirai	et	al.,	2012;	

Baubet	 et	 al.,	 2012;	 Xiang	 et	 al.,	 2012;	 Okado	 et	 al.,	 2009).	 Previously,	 studies	 have	

demonstrated	 an	 association	 between	 genetic	 variation	 impacting	 on	 ZBTB18	 function	

and	multiple	neurological	disorders,	 including	severe	 intellectual	disability	 (Depienne	et	

al.,	 2017;	 Cohen	 et	al.,	 2017;	 Hemming	 et	al.,	 2016;	 Farwell	 et	al.,	 2015;	 Edwards	 et	al.,	

2014;	 Rauch	 et	al.,	 2012)	 and	 glioblastoma	 (Tatard	 et	al.,	 2010;	 Fedele	 et	 al,	 2017).	 In	

addition,	some	studies	have	 identified	altered	ZBTB18	function	 in	schizophrenia	(Guo	et	

al.,	 2010;	 Weickert	 et	 al.,	 2008)	 and	 Huntington’s	 disease	 (Mastrokolias	 et	 al.,	 2015;	

Neueder	 et	al.,	 2014;	 Jia	 et	al.,	 2012a;	 Jia	 et	al.,	 2012b;	 Zuccato	 et	al.,	 2007;	 Zhai	 et	al.,	

2005).	 Furthermore,	 a	 recent	 study	 (reported	 within	 Chapter	 5)	 demonstrated	 that	

disease-associated	 ZBTB18	 missense	 variants	 disrupted	 the	 DNA-binding	 specificity,	

transcriptional	 regulatory,	 and	 neurodevelopmental	 guidance	 capacity	 of	 ZBTB18.	With	

this	proposed	as	a	mechanism	through	which	such	variants	might	be	responsible	for	brain	

disorder	 in	 humans	 (Hemming	 et	al.,	 2019;	 Chapter	 5).	 Overall,	 these	 previous	 studies	

demonstrate	that	ZBTB18	is	a	TF	required	for	human	brain	development	and	homeostasis.	

However,	 while	 these	 association	 studies	 have	 linked	 ZBTB18	 genetic	 variation	 to	

abnormal	brain	development,	the	impact	of	general	population	ZBTB18	missense	variants	

in	neurological	disorders	is	yet	to	be	investigated.		

	

For	this	study,	it	was	hypothesised	that	some	general	population	ZBTB18	missense	

variants	 have	 a	 functional	 impact.	 To	 investigate	 this	 possibility	 for	 ZBTB18	 misense	

variants,	 an	 in	silico	 consensus	 prioritisation	 approach	was	 developed,	 using	 a	 range	 of	

previously	 validated	 approaches,	 to	 rank	 general	 population	 missense	 variants	 within	

ZBTB18.	 The	 missense	 variants	 analysed	 were	 identified	 within	 a	 general	 population	

cohort,	 reported	 in	 the	 Genome	 Aggregation	 Database	 (gnomAD)	 (Karczewski	 et	 al.,	

2019).	Furthermore,	the	gene	constraint	metric	developed	as	part	of	gnomAD	was	utilised	

to	 investigate	sequence	constraint	across	the	whole	ZBTB	gene	family	(Karczewski	et	al.,	

2019).	Here	the	different	regions	of	ZBTB18	were	investigated	to	determine	that	missense	

variants	 within	 the	 zinc	 finger	 encoding	 region	 are	 associated	 with	 neurological	

impairment.	This	study	investigates	the	impact	of	12	ZBTB18	missense	variants	within	the	

zinc	finger	encoding	region	of	ZBTB18.	These	12	missense	variants	were	selected	through	

the	 development	 and	 application	 of	 an	 in	 silico	 consensus	 prioritisation	 approach.	 The	

observations	 from	 this	 investigation	 demonstrate	 that	 general	 population	 ZBTB18	
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missense	 variants	 have	 the	 capacity	 to	 influence	 ZBTB18-mediated	 DNA-binding	 and	

transcriptional	 regulation.	Overall,	 the	 findings	 from	 this	 work	 support	 the	 proposition	

that	 some	 general	 population	 ZBTB18	 missense	 variants	 have	 a	 functional	 impact	 on	

ZBTB18,	and	may	be	relevant	to	the	progression	of	neurological	disorders.	

	

6.3 MATERIALS	AND	METHODS		

6.3.1 IN	SILICO	ANALYSIS	OF	ZBTB	PROTEINS	WITHIN	GNOMAD	

The	 information	 for	 this	 analysis	 is	 provided	 as	 part	 of	 the	 Genome	 Aggregation	

Database	 database	 (gnomAD)	 (Karczewski	 et	 al.,	 2019),	 previously	 the	 ExAC	 database	

(Exome	Aggregation	Consortium,	2015).	GnomAD	is	a	coalition	of	investigators	seeking	to	

aggregate	and	harmonise	exome	and	genome	sequencing	data	from	a	variety	of	large-scale	

sequencing	 projects,	 and	 to	 make	 summary	 data	 available	 for	 the	 wider	 scientific	

community.	 The	 investigators	 removed	 individuals	 known	 to	 be	 affected	 by	 severe	

paediatric	disease,	as	well	as	their	first-degree	relatives.	However,	the	investigators	noted	

that	 some	 individuals	 with	 severe	 disease	 might	 still	 be	 included	 in	 the	 data	 set,	 at	 a	

frequency	 equivalent	 to	 or	 lower	 than	 that	 seen	 in	 the	 general	 population.	 Initially,	

Version	2.0.2	was	utilised	for	the	analysis;	however	gnomAD	version	2.1	was	released	on	

17th	of	October	2018,	and	therefore	some	analyses	were	redone	utilising	the	most	recent	

database	 (Karczewski	et	al.,	 2019).	 Version	2.0.2	was	utilised	 to	 investigate	 the	ZBTB18	

missense	variants	identified	within	the	cohort,	while	version	2.1	was	utilised	to	undertake	

the	analysis	of	all	the	gnomAD	investigate	genes	(Analysis	pipeline	summarised	in	Figure	

6.3.1).		

	

Initially,	 the	 gene	 constraint	 metric	 provided	 within	 the	 gnomAD	 dataset	 was	

utilised	to	analyse	whether	there	was	a	difference	in	the	number	of	expected	and	observed	

variants	in	the	ZBTB	gene	family,	compared	to	the	other	genes	analysed	in	gnomAD.	The	

gene	constraint	metric	is	computed	from	the	observed	number	of	variants	divided	by	the	

expected	 number	 of	 variants,	 with	 this	 resulting	 in	 the	 generation	 of	 an	 expected	 over	

observed	 constraint	 value	 for	 each	 variant	 type,	 for	 each	 gene.	 This	 information	 was	

calculated	and	included	as	part	of	the	supplementary	information	for	the	gnomAD	dataset	

(Karczewski	et	al.,	2019).	The	expected	and	observed	proportions	were	employed	as	x	and	

y	coordinates	respectively	to	plot	each	gene	as	a	single	point.	The	slopes	and	elevations	for	

each	 of	 the	 two	 subsets	 (ZBTB	 genes	 and	 all	 other	 genes)	 were	 analysed	 via	 linear	

regression	using	GraphPad	Prism	(version	8.1.2	for	Windows,	GraphPad	Software,	La	Jolla	

California	 USA,	 www.graphpad.com).	 All	 three	 single	 nucleotide	 variant	 classifications;	
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synonymous,	 missense,	 and	 loss	 of	 function	 (LoF),	 were	 analysed	 using	 this	 approach.	

Only	 the	 canonical	 transcripts	 for	 each	 gene	 within	 gnomAD	 were	 used	 during	 the	

analysis,	so	as	not	to	skew	the	results	towards	genes	with	a	greater	number	of	isoforms.		

	

The	LoF	variants	were	 found	to	have	a	 low	coefficient	of	determination	value	(R2)	

for	both	lines	of	regression	(ZBTB	family	and	all	other	genes).	Therefore,	the	LoF	variants	

were	analysed	further.	The	gnomAD	database	provides	the	predicted	probability	of	a	gene	

being	 homozygous	 LoF	 intolerant,	 heterozygous	 LoF	 intolerant,	 or	 not	 impacted	 by	 LoF	

variants	 (Karczewski	 et	 al.,	 2019).	 The	 probabilities	 of	 a	 gene	 being	 homozygous	 LoF	

intolerant	and	heterozygous	LoF	intolerant	were	utilised	to	delineate	all	the	genes	by	their	

predicted	 LoF	 tolerance.	 Genes	 were	 categorised	 as	 either	 having	 a	 high	 probability	 of	

homozygous	LoF	intolerant	(value	greater	than	0.5	for	homozygous	LoF	intolerant),	a	high	

probability	of	heterozygous	LoF	intolerant	(value	greater	than	0.5	for	of	heterozygous	LoF	

intolerant),	 or	 a	 low	 probability	 for	 being	 either	 homozygous	 or	 heterozygous	 LoF	

intolerant	(less	than	0.5	for	both	values).	The	proportions	of	genes	from	each	group	were	

determined,	 and	 95%	 exact	 binomial	 confidence	 intervals	 for	ZBTB	 genes	 and	 all	 other	

genes.	The	confidence	intervals	were	analysed	and	the	difference	between	each	grouping	

determined	(Altman	and	Bland,	2011),	with	p-values	calculated	and	adjusting	for	multiple	

testing	with	the	Bonferroni	method.	

	

6.3.2 ANALYSIS	 OF	 ZBTB18	 PROTEIN	 SEQUENCE	 CONSERVATION	 WITHIN	 THE	
ZBTB	PROTEIN	FAMILY	

A	 Cluster	 Multiple	 Sequence	 Analysis	 approach	 was	 used	 to	 explore	 the	

conservation	 of	 the	 ZBTB18	 protein	 across	 vertebrates	 (Sievers	 et	 al.,	 2011).	 The	

canonical	 protein	 sequences	 for	 ZBTB18	 were	 obtained	 from	 NCBI	 for	 Human	 (Homo	

sapiens,	 NP_991331.1),	 Chimpanzee	 (Pan	 troglodytes,	 NP_525117.2),	 Rhesus	 Monkey	

(Macaca	mulatta,	NP_001244821.1),	Mouse	 (Mus	musculus,	NP_001012330.1),	 Rat	 (Rattus	

norvegicus,	XP_006250390.1),	 Cow	 (Bos	Taurus,	NP_001071484.1),	 Chicken	 (Gallus	gallus,	

XP_015139471.1),	 Dog	 (Canis	 lupus	 familiaris,	 XP_547497.2),	 Frog	 (Xenopus	 tropicalis,	

NP_001016948.2),	 and	 Zebrafish	 (Danio	rerio	NP_001076421.1).	 An	 additional	 analysis	 of	

ZBTB18	 protein	 sequence	 conservation	 across	 all	 available	 species	 on	 NCBI	 with	 a	

ZBTB18	orthologue	was	undertaken	to	confirm	that	the	observed	conservation	was	not	an	

artefact	 from	 using	 model	 organisms,	 and	 is	 representatives	 of	 vertebrates	 as	 a	 whole	

(data	not	shown).		
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6.3.3 MISSENSE	VARIANTS	ASSOCIATION	WITH	NEUROLOGICAL	DISORDERS	 AND	
THEIR	DISTRIBUTION	ACROSS	ZBTB18	REGIONS	

A	non-neuro	sub-cohort	is	provided	within	the	total	gnomAD	database	(Karczewski	

et	 al.,	 2019).	 This	 sub-cohort	 contained	 only	 samples	 from	 individuals	 who	 were	 not	

ascertained	 for	 having	 a	 neurological	 condition	 in	 a	 neurological	 case/control	 study	

(114,704	 individuals	 from	 the	 141,456	 individuals	 in	 gnomAD).	 Furthermore,	 this	 sub-

cohort	was	utilised	to	indirectly	identify	individuals	with	a	ZBTB18	missense	variant	and	

neurological	 disorder.	 The	 individuals	 within	 the	 non-neuro	 sub-cohort	 (114,704	

individuals)	 were	 removed	 from	 the	 total	 gnomAD	 cohort	 (141,456	 individuals)	 to	

construct	a	neurological	sub-cohort	(26,752	individuals).	However,	due	to	the	variability	

in	phenotypic	information	available	for	gnomAD,	some	individuals	included	do	not	have	a	

neurological	 classification,	with	 their	 status	unknown.	Thus,	 these	 individuals	were	also	

removed	from	the	non-neuro	sub-cohort	and	included	within	the	neurological	sub-cohort,	

even	 though	 they	 may	 not	 have	 a	 diagnosed	 neurological	 condition.	 All	 individuals	

removed	from	the	non-neuro	sub-cohort	were	included	in	the	neurological	sub-cohort	for	

analysis,	 as	 there	 is	 currently	no	way	 to	determine	which	 individuals	have	an	unknown	

status.	 In	 addition	 to	 this,	 the	 ZBTB18	 protein	 was	 broken	 down	 into	 five	 regions,	 the	

beginning	 (1st	 to	 33rd	 amino	 acid	 (aa)),	 BTB	 domain	 (34th	 to	 100st	 aa),	middle	 (101st	 to	

377th	 aa),	 zinc	 finger	 (378th	 to	 478th	 aa),	 and	 end	 (479th	 to	 531st	 aa).	 From	 this,	 the	

distribution	 of	ZBTB18	missense	 variants	 across	 the	 five	 sub-regions	was	 analysed,	 and	

the	proportions	of	 variants	within	 each	 region	determined	 for	both	 the	 gnomAD	cohort	

and	neurological	sub-cohort.	From	here,	the	frequencies	for	each	grouping	were	compared	

to	each	other	to	define	differences	between	groupings	(Altman	and	Bland,	2011).	The	p-

values	 determined	 were	 adjusted	 for	 multiple	 testing	 using	 the	 Bonferroni	 correction	

method.	 Also,	 the	 location	 of	 disease-associated	 ZBTB18	missense	 identified	 within	 the	

literature	(Cohen	et	al.,	2017;	Landrum	et	al.,	2018;	Van	der	Schoot	et	al.,	2018;	Dephenie	

et	al.,	2017)	were	identified	and	included	within	this	analysis	of	the	distribution	of	ZBTB18	

missense	variants. 

	

6.3.4 NEWLY	DEVELOPED	IN	SILICO	CONSENSUS	PRIORITISATION	APPROACH		

A	newly	developed	in	silico	consensus	prioritisation	approach	was	employed	to	rank	

ZBTB18	 missense	 variants	 within	 gnomAD.	 Each	 gnomAD-identified	 missense	 variant	

within	 ZBTB18	 was	 analysed	 using	 a	 series	 of	 publicly	 available	 prediction	 software	

packages	to	obtain	a	range	of	predictions	for	their	potential	impact	(summarise	in	Figure	

6.3.1).	The	prediction	software	utilised	were	Polyphen	version	2	(Adzhubei	et	al.,	2013),	

SIFT	 (Sim	 et	al.,	 2012),	 SNAP2	 (Hecht	 et	al.,	 2013)	 through	 the	 PredictProtein	 interface	



DOCTOR	OF	PHILOSOPHY	–	Isabel	A.	Hemming	

	
	

99	-																		-	

(Yachdav	et	al.,	2014),	PROVEAN	(Choi	et	al.,	2015),	LRT	(Chun	and	Fay,	2009),	Grantham	

Score	(Grantham,	1974)	generated	using	the	ANNOVAR	tool	(Wang	et	al.,	2010),	and	Align	

GVGD	 (Tavtigian	 et	 al.,	 2008).	 Each	 tool	 generated	 a	 prediction	 of	 either	 probably	

damaging,	possibly	damaging,	or	benign	for	each	of	 the	variants.	Each	of	 the	predictions	

for	individual	variants	was	assigned	a	numerical	value;	with	probably	damaging	assigned	

a	score	of	one,	possibly	damaging	assigned	a	score	of	0.5,	and	benign	assigned	a	score	of	

zero.	 In	 addition,	 the	 amino	 acid	 substitution	 for	 each	 variant	 was	 classified	 as	 either	

conserved,	for	amino	acids	substituted	for	another	with	the	same	chemical	properties,	or	

non-conserved,	for	amino	acids	substituted	for	another	with	different	chemical	properties.	

From	this,	non-conserved	variants	were	assigned	a	numerical	value	of	one	and	conserved	

variants	 assigned	 a	 value	 of	 zero.	 All	 numerical	 values	 from	 the	 predictions	 were	

combined	to	determine	an	impact	consensus	score	for	each	variant.	The	impact	consensus	

scores	were	then	used	to	select	variants	within	the	zinc	finger	encoding	region	of	ZBTB18.	

The	zinc	finger	encoding	region	was	split	up	into	five	section;	the	first	zinc	finger	(378th	to	

401st	aa),	between	the	first	and	second	(402nd	to	418th	aa),	the	second	zinc	finger	(419th	to	

441st	 aa),	 the	 third	 zinc	 finger	 (447th	 to	 469th	 aa),	 and	 the	 fourth	 zinc	 finger	 (470th	 to	

498th	 aa).	 Variants	 with	 the	 highest	 score	 with	 each	 section	 were	 used	 as	 condition	

variants,	while	variants	with	the	lowest	score	were	was	used	as	regional	controls	(listed	in	

Table	6.4.3).		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	6.3.1	–Summary	Flowchart	for	In	Silico	Prioritisation	Approach		
The	 flowchart	 demonstrates	 the	basic	 approach,	 undertaken	 in	silico,	 to	 prioritise	 variants	 identified	 in	 gnomAD.	

The	 approach	 involved	 the	 generation	 of	 a	 consensus	 impact	 score	 to	 rank	 each	 variant,	 the	 identification	 of	 a	 region	 of	
interest	within	the	gene,	and	then	the	selection	of	variants	from	the	region	of	interest	utilising	the	consensus	impact	score.	
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6.3.5 MOLECULAR	MODELLING	OF	ZBTB18	VARIANTS	IN	COMPLEX	WITH	DNA	

Each	 protein-DNA	 complex	 was	 generated	 in	 silico	 as	 described	 previously	

(Hemming	et	al.,	2019)	(Chapter	5,	sections	5.3.1-5.3.3).	In	short,	the	previously	generated	

complexes	 of	 ZBTB18	 with	 DNA	 sequences	 (Hemming	 et	 al.,	 2019;	 Chapter	 5)	 were	

mutated	using	UCSF	Chimera	 to	 generate	 complexes	with	 each	of	 the	missense	variants	

listed	 in	 Table	 6.3.1.	 The	 DNA	 fragments	 modelled	 included	 two	 known	 DNA	 binding	

sequences	from	the	Rnd2	3’	enhancer	sequence	(E1	and	E2)	and	mutants	of	these	(E1mut,	

E2mut;	 Heng	 et	 al.,	 2008).	 Molecular	 dynamics	 simulations	 were	 performed	 using	

GROMACS	 5.0.2	 (Abraham	 et	 al.,	 2015),	 with	 binding	 energy	 estimates	 determined	 by	

molecular	 mechanics-generalised	 Born/surface	 area	 (MM-GB/SA)	 calculations	 using	

AmberTools	 14,	 as	 per	 our	 previously	 published	 procedures	 (Hemming	 et	 al.,	 2019).	

Briefly,	 proteins	 were	 parameterised	 using	 the	 AMBER	 ff14SB	 force	 field,	 DNA	 was	

parameterised	 with	 the	 parmbsc0	 parameter	 set	 (Perez	 et	 al.,	 2007)	 with	 ε/ζOL1	

(Zgarbova	et	al.,	2013)	and	χOL4	(Krepl	et	al.,	2012)	modifications,	and	zinc	centres	were	

parameterised	using	the	Zinc	AMBER	Force	Field	(ZAFF).	Simulations	were	performed	in	

dodecahedral	boxes	(with	a	minimum	distance	of	1	nm	between	the	complex	to	 the	box	

edge)	of	TIP3P	water	and	0.1	M	NaCl,	with	further	addition	of	ions	to	charge-neutralise	the	

system.	 Up	 to	 five	 50	 ns	 MD	 simulations	 were	 performed,	 each	 initialised	 with	 new	

random	velocities,	with	the	final	10ns	of	three	stable	simulations	(as	assessed	by	the	root-

mean-squared	 deviation	 of	 the	 atomic	 coordinates	 over	 time)	 analysed	 by	 MM-GB/SA.	

Per-residue	 decomposition	 of	 MM-GB/SA	 was	 also	 performed	 to	 determine	 the	

contributions	of	 individual	residues	 to	 the	overall	binding	energy.	Residues	contributing	

equal	 to	 or	 less	 than	 -2.0	 kcal/mol	 in	 any	 complex	 were	 included	 in	 an	 encompassing	

supplementary	table	(Supplementary	Table	A.4.1.1),	with	residues	of	interest	included	in	

the	main	table	(Table	6.4.5).	

	

6.3.6 DNA	EXPRESSION	VECTOR	CLONING	AND	PLASMID	CONSTRUCTS	

Previously	 generated	 firefly	 luciferase	 expression	 constructs	 were	 utilised	 for	

luciferase	 assays	 (Rnd2	 3’-enhancer	 firefly	 construct,	 Rnd2	 3’-enhancer	 E1mut	 firefly	

construct,	Rnd2	3’-enhancer	E2mut	 firefly	construct,	and,	Rnd2	3’-enhancer	E1mut	and	E2mut	

firefly	construct;	Heng	et	al.,	2008)	(Renilla	construct,	pRL-CMV;	Promega.	DNA	fragments	

for	 the	 Thr400Met	 (T400M),	 Ser422Leu	 (S422L),	 and	 Thr450Asn	 (T450N)	 missense	

variants	were	 commercially	 synthesised	 (pIDT-Amp,	 Integrated	DNA	Technologies).	The	

synthesised	 DNA	 consisted	 of	 a	 528bp	 region	 of	 the	 ZBTB18	 cDNA	 incorporating	 the	

variant,	 and	 flanked	 by	 PpumI	 and	 NaeI	 restriction	 digestion	 sites.	 Each	 fragment	 was	

subcloned	into	the	pIDT-Amp-WT	construct;	swapping	out	the	528bp	WT	fragment	for	the	
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SNV	fragment	via	co-digestion	with	PpumI	and	NaeI,	ligation	with	T4	ligase	(New	England	

Biolabs,	M0202).	After	these	initial	variants	were	generated	the	other	nine	variants	were	

generated	 via	 site-directed	mutagenesis.	 Site-directed	mutagenesis	 for	 each	 variant	was	

undertaken	using	the	pIDT-Amp-WT	backbone	(see	Table	6.3.1	for	primers).	One	variant	

was	 found	 challenging	 to	 generate	 using	 one	 of	 the	 kits	 as	 there	 was	 the	 continuous	

addition	of	a	mutation	at	 the	primer	crossover	 site	 (Q5®	Site-Directed	Mutagenesis	Kit,	

New	 England	 Biolabs).	 Therefore,	 a	 different	 kit	 utilising	 a	 different	 primer	 design	

approach,	was	used	 to	generate	 this	 variant	 (GeneArt®	Site-Directed	Mutagenesis	PLUS	

Kit,	 Invitrogen).	 All	 variant	 insertions	 were	 verified	 via	 Sanger	 sequencing	 before	

continuing	 (Australian	 Genome	 Research	 Facility,	 Perth).	 All	 sequencing	 plots	 for	 the	

newly	 generated	 SNVs	 are	 included	 within	 Appendix	 B.1.2.	 Each	 variant	 containing	

ZBTB18	 cDNA	was	 subsequently	 sub-cloned	 into	 the	pCIG-F[NG]	backbone	via	 the	 same	

restriction	 digestion	 approach	 used	 for	 the	 pIDT-Amp-WT	 and	 pIDT-Amp-R495G	 cDNA	

constructs,	 as	 previously	 described	 (Hemming	 et	 al.,	 2019).	 Colony	 polymerase	 chain	

reaction	 (PCR)	 was	 undertaken	 to	 verify	 insertions,	 using	 MyTaq™	 Red	 Master	 Mix	

(Bioline)	 according	 to	 manufacturer's	 instructions;	 with	 0.25	 uM	 forward	 primer	 (5’-

GCAACGTGCTGGTTATTGTGC-3’)	 and	 0.25	 uM	 reverse	 primer	 (5’-

CGCCAATTGTTATTTCCAAAGTTCTTGAGAGC-3’).	 Sanger	 sequencing	was	 then	 performed	

to	verify	all	constructs,	including	the	previously	generated	constructs,	did	not	possess	any	

additional	SNVs	(Sequencing	Service	Team,	Garvan	Institute	of	Medical	Research).		

	

TABLE	6.3.1	–	DNA	PRIMERS	USED	TO	GENERATE	SNVS	FROM	IDT	ZBTB18	CONSTRUCT.		

	

6.3.7 CELL	CULTURE,	TRANSFECTIONS	AND	LUCIFERASE	REPORTER	ASSAYS	

Human	HEK293T	cells	were	cultured	 in	complete	growth	media;	DMEM	(Gibco	by	

Life	 Technologies),	 2mM	 L-glutamine	 (Gibco	 by	 Life	 Technologies),	 10%	 fetal	 bovine	

serum	 (Bovogen	 Biological).	 All	 cells	 were	 maintained	 in	 a	 humidified	 37°C	 incubator	

GENEART®	SITE-DIRECTED	MUTAGENESIS	PLUS	KIT	
(INVITROGEN)	

Q5®	SITE-DIRECTED	MUTAGENESIS	KIT	
(NEW	ENGLAND	BIOLABS)	

VARIANT	 PRIMER	SEQUENCES	USED	 VARIANT	 PRIMER	SEQUENCES	USED	

Arg403Cys	
(R403C)	

		Sense:	
		5’-CTGAGCACGCACTTCTGCGAGCAGGACGGCA-3’	
		Antisense:	
		5’-TGCCGTCCTGCTCGCAGAAGTGCGTGCTCAG-3’	

Arg409Cys	
(R409C)	

		Sense:	
		5’-GGACGGCATCTGCAGCAAGCC-3’	
		Antisense:	
		5’-TGCTCGCGGAAGTGCGTG-3’	

Ala476Thr	
(A475T)	

		Sense:	
		5’-CGCGAGAAGCCGCACACCTGCAAGTGGTGCG-3’	
		Antisense:	
		5’-CGCACCACTTGCAGGTGTGCGGCTTCTCGCG-3’	

Gly425Arg	
(G425R)	

		Sense:	
		5’-CTCGCTGTGTAGGAAGACTTTCTCTTG-3’	
		Antisense:	
		5’-CACGTGGGCACGTTGACA-3’	

Thr405Ile	
(T450I)	

		Sense:	
		5’-AGCCCTACACATGCATCCAGTGCGGCAAGAG-3’	
		Antisense:	
		5’-CTCTTGCCGCACTGGATGCATGTGTAGGGCT-3’	

Lys435Arg	
(K435R)	

		Sense:	
		5’-TACACCCTCAGGCGCCACGAG-3’	
		Antisense:	
		5’-CATGCAAGAGAAAGTCTTCCCAC-3’	

Leu395Va
l	

(L395V)	

		Sense:	
		5’-ATCCTGCAGATCCACGTGAGCACGCACTTCC-3’	
		Antisense:	
		5’-GGAAGTGCGTGCTCACGTGGATCTGCAGGAT-3’	

Ala476Val	
(A476Val)	

		Sense:	
		5’-GCGAGAAGCCGCACGTCTGCAAGTGGTGCGA-3’	
		Antisense:	
		5’-TCGCACCACTTGCAGACGTGCGGCTTCTCGC-3’	

Ala414Thr	
(A414T)	
Successful	

		Sense:	
		5’-CGCAGCAAGCCCGCCACCGATGTCAACGTGC-3’	
		Antisense:	
		5’-GCACGTTGACATCGGTGGCGGGCTTGCTGCG-3’	

Ala414Thr	
(A414T)	

Unsuccessful	

		Sense:	
		5’-CAAGCCCGCCACCGATGTCAAC-3’	
		Antisense:	
		5’-CTGCGGATGCCGTCCTGC-3’	
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supplied	with	5%	CO2.	Firefly	 luciferase	reporter	constructs	harbouring	the	mouse	Rnd2	

3’-enhancer	sequence	(Heng	et	al.,	2008),	were	co-transfected	with	the	pCIG-F[NG]ZBTB18	

variant	expression	construct.	A	Renillia	Luciferase	construct	was	co-transfected	alongside	

the	firefly	luciferase	constructs	to	normalise	differences	in	transfection	efficacy.	HEK293T	

cells	were	seeded	into	a	96-well	plate	at	a	density	of	12	500	cells	per	well.	For	each	assay,	

100ng	of	the	ZBTB18	variant	expression	construct,	50	ng	of	the	Firefly	reporter	construct,	

and	25	ng	of	the	Renillia	construct	were	added	to	each	well	of	a	96-well	plate.	DNA	was	

diluted	in	100	μl	Opti-MEM	(Gibco	by	Life	Technologies,	31985-070)	before	0.5	μl	of	the	

ViaFectTM	 transfection	 reagent	 (Promega,	E4981)	was	added	 to	each	well,	 and	 the	DNA-

ViaFectTM	 transfection	 regent	 incubated	 for	 20	 minutes.	 Cultured	 cells	 were	 then	

transfected	with	 the	DNA-ViaFectTM	 transfection	regent.	48	hours	post-transfection,	cells	

were	 washed	 with	 50	 μl	 1x	 PBS	 and	 lysed	 with	 50	 μl	 1x	 Passive	 lysis	 buffer	 as	 per	

manufacturer’s	instructions	(Dual-Luciferase	Assay	Kit,	Promega,	E1960).	The	lysate	was	

then	centrifuged	at	15000	x	g	for	15	min	at	4°C.	20	μl	of	the	supernatant	from	each	well	

was	 added	 to	 the	 corresponding	 well	 of	 a	 96-well	 plate	 with	 opaque	 white	 walls.	

Luciferase	 signals	 were	 read	 for	 each	 well	 using	 an	 EnSightTM	 multimode	 plate	 reader	

(PerkinElmer)	according	to	manufacturer’s	instructions.	

	

6.4 RESULTS	

6.4.1 CONSTRAINT	 ANALYSIS	HIGHLIGHTS	 BOTH	 POLYPEPTIDE	 SEQUENCE	 AND	
PROTEIN	FUNCTION	CONSTRAINT	ACROSS	THE	ZBTB	GENE	FAMILY	

The	 constraint	 metrics	 provided	 within	 gnomAD	 version	 2.1	 (Karczewski	 et	 al.,	

2019)	 facilitated	 the	 unbiased	 evaluation	 of	 variation	 constraint	 for	 each	 ZBTB	 family	

member.	 The	 generators	 of	 gnomAD	 use	 a	 “depth	 corrected	 probability	 of	 mutation”	

approach	to	determine	the	expected	number	of	unique	variants	(here	termed	distinct)	for	

each	gene.	The	calculated	expected	number	and	counted	observed	number	of	mutations	

are	 used	 to	 generate	 an	 observed-over-expected	 constraint	 metric	 (Karczewski	 et	 al.,	

2019).	 The	 use	 of	 this	 information	 allowed	 for	 the	 examination	 of	 mutation	 constraint	

across	 the	 nucleotide	 (synonymous	 variants),	 amino	 acid	 (missense	 variants),	 and	

functional	(loss	of	function	variants	(LoFs))	level	for	each	ZBTB	gene	(Figure	6.4.1).	From	

this	 analysis,	ZBTB18	 is	 expected	 to	 possess	 141.3	 distinct	 synonymous	 variants	within	

the	 cohort	 and	was	 observed	 to	 possess	 146.	 These	 values	 generate	 an	 observed-over-

expected	constraint	metric	of	1.034	(0.903	–	1.186),	suggesting	ZBTB18	is	not	constrained	

at	the	nucleotide	level.	When	the	level	of	constraint	at	the	nucleotide	level	was	compared	

between	ZBTB	 family	members	 (49	 genes)	 and	 all	 other	 gnomAD	genes	 (19655	 genes),	

there	 was	 no	 apparent	 sequence	 constraint	 observed	 for	 either	 group	 (Figure	 6.4.1A).	

Following	this,	the	level	of	constraint	for	ZBTB18	at	the	amino	acid	level	was	investigated.	
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ZBTB18	 was	 expected	 to	 possess	 323.7	 distinct	 missense	 variants	 within	 the	 cohort;	

however,	only	150	distinct	variants	were	observed.	An	observed-over-expected	constraint	

metric	of	0.463	(0.405	–	0.531)	was	generated	by	these	values,	suggesting	that	ZBTB18	is	

highly	constrained	at	the	amino	acid	level.	The	level	of	constraint	at	the	amino	acid	level	

was	also	compared	between	ZBTB	proteins	(49	genes)	and	all	other	protein-coding	genes	

in	gnomAD	(19655	genes).	When	a	linear	regression	analysis	was	undertaken,	there	was	a	

significantly	 greater	 level	 of	 protein	 sequence	 constraint	 for	 the	 entire	 ZBTB	 family	 in	

relation	 to	 all	 other	 genes	 analysed	 (Figure	 6.4.1B).	 In	 the	 case	 of	 protein	 function	

constraint,	 investigated	 by	 examining	 loss	 of	 function	 variants	 (LoFs),	 ZBTB18	 was	

expected	 to	 possess	 16.7	 distinct	 LoFs,	 and	 yet	 none	was	 observed.	 An	 observed-over-

expected	 constraint	 metric	 of	 0.000	 (0.000	 –	 0.179)	 is	 generated	 from	 these	 results,	

highlighting	 the	 significantly	 high	 functional	 constraint	 for	 ZBTB18.	 All	 ZBTB	 family	

members	were	observed	to	possess	fewer	LoFs	than	expected,	with	ZBTB2,	HIC2,	ZBTB4,	

ZBTB12,	 ZBTB33,	 ZBTB43,	 ZBTB44,	and	 ZBTB47	 found	 not	 to	 possess	 any	 LoFs.	 For	 all	

other	genes	analysed	in	gnomAD	11.12%	(2127/19123	canonical	transcripts)	were	found	

to	have	a	greater	number	of	LoFs	that	expected.	To	examine	the	level	of	constraint	at	the	

functional	 level,	 the	 expected	 and	 observed	 LoFs	were	 compared	 between	 ZBTB	 family	

member	(49	genes)	and	all	other	gnomAD	genes	(19123	genes)	(Figure	6.4.1C).	When	a	

linear	regression	analysis	was	undertaken	to	compare	the	differences	in	elevation	across	

the	two	groupings,	it	was	determined	that	there	was	a	significantly	greater	level	of	protein	

function	constraint	for	the	entire	ZBTB	family	in	relation	to	all	others	analysed.		

	

The	variability	 in	LoF	was	further	examined	across	both	the	ZBTB	 family	grouping	

and	all	 other	 genes	 analysed,	 to	determine	whether	 the	difference	observed	was	due	 to	

gene	haploinsufficiency.	Within	version	2.1	of	the	gnomAD	database,	the	probability	of	a	

gene	 being	 either	 heterozygous	 or	 homozygous	 LoF	 intolerant	 is	 provided.	 The	

proportions	of	genes	falling	within	either	the	heterozygous,	homozygous,	or	unlikely	LoF	

intolerant	categories	was	determined	for	each	gene	grouping,	as	well	as	for	all	genes	as	a	

whole	(Table	6.4.1).	A	significantly	high	proportion	of	the	ZBTB	family	were	heterozygous	

LoF	intolerant,	with	no	ZBTB	family	members	likely	to	tolerant	to	any	kind	of	LoF.	Further	

analysis	of	protein	sequence	conservation	between	members	of	the	ZBTB	family	observed	

a	 level	 of	 sequence	 diversity	 across	 the	 protein	 family	 within	 humans	 (Supplementary	

Figures	 A.4.1.1	 and	 A.4.1.2).	 However,	 there	 is	 a	 high	 level	 of	 sequence	 conservation	

within	 vertebrates,	 as	 seen	 for	 ZBTB18	 (Supplementary	 Figure	 A.4.1.3).	 These	 findings	

suggest	 a	 possible	 explanation	 for	 why	 none	 of	 the	 ZBTB	 family	 members	 is	 able	 to	

compensate	 for	 the	 loss	 of	 another,	 resulting	 in	 the	 high	 level	 of	 predicted	

haploinsufficiency	observed.		
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Figure	6.4.1	-	ZBTB18	family	Gene	Constraint	Compared	to	all	other	GnomAD	Genes.	

	(A-C)	Scatter	plots	investigating	the	constraint	across	ZBTB	family.	Expected	number	of	variants	plotted	as	x,	and	
observed	number	of	variants	plotted	as	y.	Solid	red	lines	indicate	line	of	best	fit	for	ZBTB	family	points,	with	dashed	lines	
indicating	95%	confidence	 intervals.	 Solid	black	 lines	 indicate	 line	of	 best	 fit	 for	 all	 other	 gnomAD-identified	 genes,	with	
dashed	lines	indicating	95%	confidence	intervals.	Red	dots	indicate	ZBTB	family	members,	with	the	blue	triangle	indicating	
ZBTB18.	(A)	Plot	of	expected	and	observed	synonymous	variants,	with	49	ZBTB	family	genes	and	19655	other	genes	plotted.	
Linear	 regression	 analysis	 identified	 no	 statistically	 significant	 difference	 between	 the	 two	 gene	 groups	 (elevations;	 p	 =	
0.220,	f	=	1.507,	DFn	=	1).	(B)	Plot	of	expected	and	observed	missense	variants,	with	49	ZBTB	family	genes	and	19655	other	
genes	plotted.	Linear	regression	analysis	identified	found	a	significant	difference	in	the	elevation,	with	fewer	ZBTB	missense	
variants	observed	(elevations;	p	=	0.000000678,	f	=	24.69,	DFn	=	1).	(C)	Plot	of	expected	and	observed	LoF	variants,	with	49	
ZBTB	 family	genes	and	19123	other	genes	plotted	 (532	genes	had	no	LoF	values).	Linear	 regression	analysis	 identified	a	
significant	difference	in	elevation,	with	fewer	ZBTB	LoF	variants	observed	(elevations;	p	=	0.000379,	f	=	12.64,	DFn	=	1).	

	
	

TABLE	6.4.1	-	PROPORTION	OF	ZBTB	FAMILY	MEMBERS	WITHIN	LOSS	OF	FUNCTION	CATEGORY.	

#	Indicates	significantly	different	to	Total	Proteins	in	column				*	Indicates	significantly	different	to	ZBTB	Proteins	in	column	

	

6.4.2 CORRELATION	 BETWEEN	 NEUROLOGICAL	 DISORDERS	 DIAGNOSIS	 AND	
ZBTB18	ZINC	FINGER	MISSENSE	VARIANTS		

	In	 the	 initial	 analysis	of	 variant	 constraint	 across	 the	ZBTB	protein	 family,	 a	high	

level	of	protein	sequence	and	functional	constraint	for	the	proteins	was	observed.	Eight	of	

the	 49	 ZBTB	 proteins	 are	 expressed	 within	 the	 brain	 (GTEx	 database,	 Carithers	 et	 al.,	

2015),	 with	 four	 (ZBTB4,	 ZBTB18,	 ZBTB41,	 and	 ZBTB46)	 previously	 associated	 with	

different	brain	disorders	 (OMIM,	McKusick,	2007).	ZBTB18	 is	one	of	 these	proteins,	and	

PROTEIN	FAMILY	GROUPING	
HETEROZYGOUS	
LOSS	OF	FUNCTION	

INTOLERANT	

HOMOZYGOUS	
LOSS	OF	FUNCTION	

INTOLERANT	

UNLIKELY	
LOSS	OF	FUNCTION	
INTOLERANT	

ZBTB	Proteins	
26	proteins	(53.06%)#	
95%C.I.					39.09	-	67.03%		

23	proteins	(46.94%)	
95%C.I.					32.97	-	60.91%	

0	proteins	(0.00%)#	
95%C.I.					0.00	–	5.88%	

Other	Proteins	
4625	proteins	(24.18%)*	
95%C.I.					23.58	-	24.79%	

9765	proteins	(51.06%)	
95%C.I.					50.35	-	51.77%	

4737	proteins	(24.77%)*	
95%C.I.					24.16	-	25.38%	

Total	Proteins	
4651	proteins	(24.26%)*	
95%C.I.					23.65	-	24.86%	

9788	proteins	(51.05%)	
95%C.I.					50.34	-	51.76%	

4737	proteins	(24.71%)*	
95%C.I.					24.10	-	25.32%	
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was	 taken	 for	 further	 analysis	 to	 determine	whether	 there	was	 an	 association	 between	

individuals	 with	 ZBTB18	 missense	 variants	 and	 the	 later-onset	 neurological	 conditions	

present	in	gnomAD	(Karczewski	et	al.,	2019).	A	non-neurological	sub-cohort	is	included	as	

part	 of	 gnomAD	 and	 contained	 only	 individuals	who	were	 not	 ascertained	 for	 having	 a	

neurological	condition	in	a	neurological	case/control	study	(Karczewski	et	al.,	2019).	This	

aspect	 of	 the	 dataset	 was	 exploited	 to	 indirectly	 generate	 a	 neurological	 sub-cohort	 to	

investigate	 the	 association	 between	 ZBTB18	 missense	 variants	 and	 individuals	 with	

neurological	conditions.	The	newly	generated	neurological	sub-cohort	was	then	utilised	to	

investigate	 individuals	 in	 this	 sub-cohort	who	 also	 possess	 a	 ZBTB18	 missense	 variant.	

The	proportions	of	individuals	with	ZBTB18	missense	variants	in	either	sub-cohort	were	

determined	 for	 each	 ZBTB18	 protein	 region	 (Figure	 6.4.2A	 and	 Table	 6.4.2).	 The	

proportion	 of	 individuals	 from	 the	 neurological	 sub-cohort	 with	 a	 ZBTB18	 missense	

variant	was	also	investigated	(Figure	6.4.2B	and	Table	6.4.2).	From	this,	an	odds	ratio	was	

calculated,	determining	that	there	is	a	trend	towards	increased	odds	of	an	individual	being	

within	 the	neurological	 sub-cohort	when	 they	possessed	 a	ZBTB18	 zinc	 finger	missense	

variant	 (odds	ratio	=	1.65	(0.816	–	3.42	95%	C.I.);	 relative	risk	=	1.51	(0.83	–	2.64	95%	

C.I.)).	 This	 finding	 is	 consistent	 with	 previous	 observations	 within	 the	 literature	 for	

disease-associated	ZBTB18	missense	variants	 (Figure	6.4.2C,	Table	6.4.2).	Thus,	 the	zinc	

finger	encoding	region	of	ZBTB18	is	identified	as	a	possible	hotspot	for	missense	variants	

associated	with	a	neurological	disorder.		

TABLE	6.4.2	-	PROPORTION	OF	INDIVIDUALS	WITH	ZBTB18	MISSENSE	VARIANTS		
TOTAL	NUMBER	OF	

AMINO	ACIDS	
TOTAL	 BEGINNING	 BTB	 MIDDLE	 ZF	DOMAIN	 END	
531	 32	 68	 277	 121	 33	

Affected	Amino	Acids	 163	 6	 11	 108	 30	 8	

Individuals	With	
Variants	

342	 8	 19	 255	 50	 10	

Proportion	of	Affected	
Amino	Acids	

30.70%	
	(34.62-26.77)	

18.75%	
	(32.27-5.27)	

16.18%#	
	(24.93-7.42)	

38.99%*	
	(44.73-33.25)	

24.79%	
	(32.49-17.10)	

24.24%	
	(38.86-9.62)	

Proportion	of	
Individuals	

100%	
	(100.00-99.78)	

2.34%#*	
	(3.94-0.74)	

5.56%#*	
	(7.98-3.13)	

74.56%#*	
	(79.18-69.95)	

14.62%#	
	(18.36-10.88)	

2.92%#*	
	(4.71-1.14)	

Neurological	Disorder-
Associated	Variants	

45	 1	 2	 29	 11	 2	

Individuals	with	
Variants	 59	 2	 2	 41	 12	 2	

Proportion	of	Affected	
Amino	Acids	

8.47%	
	(16.61-0.34) 

3.13%	
	(8.21-0.00)	

2.94%	
	(7.88-0.00)	

10.47%	
	(19.41-1.52)	

9.09%	
	(17.49-0.69)	

6.06%	
	(13.03-0.00)	

Proportion	of	
Individuals	

100%	
	(100.00-98.75)	

3.39%#*	
	(28.47-0.00)	

3.39%#*	
	(28.47-0.00)	

69.49%#*	
	(83.59-55.40)	

20.34%#	
	(43.11-0.00)	

3.39%#*	
	(28.47-0.00)	

Proportional	Difference	
in	Affected	Individuals	

0.00%	
	(0.83-0.00)	

∧1.05%*	
	(2.53-0.00)	

∨2.17%	
	(4.88-0.00)	

∨5.07%#	
	(8.46-2.41)	

∧5.72%#	
	(8.28-4.07)	

∧0.47%*	
	(1.36-0.00)	

Literature	Disease-
Associated	Variants	

15	 1	 1	 2	 11	 0	

Individuals	with	
Variants	

18	 1	 1	 2	 14	 0	

Proportion	of	Affected	
Amino	Acids	

2.82%	
	(4.23-1.42)	

3.13%	
	(9.15-0.00)	

1.47%	
	(4.33-0.00)	

0.72%*	
	(1.72-0.00)	

9.10%	
	(14.21-3.97)	

0.00%*	
	(2.23-0.00)	

Proportion	of	
Individuals	

100%	
	(100.00-95.95)	

5.56%#*	
	(16.14-0.00)	

5.56%#*	
	(16.14-0.00)	

11.11%#*	
	(25.63-0.00)	

77.78%*	
	(96.96-58.57)	

0.00%#*	
	(4.05-0.00)	

	 	 	 	 	 	 	

95%	exact	binomial	confidence	intervals	are	included	within	the	brackets	for	each	proportion	value	
#		indicates	significantly	different	to	total	proportion			and			*		indicates	significantly	different	to	all	other	domains		
∧	indicates	an	increase	while	∨	indicates	a	decrease	between	all	individuals	and	those	with	a	neurological	condition.	
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Figure	6.4.2	–	Representation	of	the	Spread	of	Missense	Variants	Across	ZBTB18.	

The	orange	segment	represents	the	ZBTB18	proteins	BTB	domain,	while	the	four	blue	to	purple	segments	represent	
the	four	zinc	finger	motifs	that	make	up	the	zinc	finger	domain	(each	motif	is	a	different	shade).	The	protein	is	represented	
linearly	from	the	N-terminus	to	the	C-terminus,	moving	from	left	to	right.	A	representative	line	plot	for	the	proportions	of	
individuals	with	missense	variants	for	each	amino	acid	is	above	the	linear	representation	of	ZBTB18.	Each	black	line	within	
the	protein	represents	an	amino	acid	with	associated	ZBTB18	missense	variants	within	the	grouping	of	either	all	individuals	
with	a	rare	ZBTB18	missense	variant	in	the	gnomAD	cohort	(A)	(Karczewski	et	al.,	2019),	all	individuals	within	the	gnomAD	
cohort	with	 a	 rare	 ZBTB18	missense	 variant	 and	 an	 associated	 neurological	 condition	 (B)	 (Karczewski	 et	al.,	 2019),	 and	
finally	 all	 clinically	 identified	 ZBTB18	 missense	 variants	 identified	 in	 individuals	 with	 intellectual	 disability	 within	 the	
literature	(C)	(Cohen	et	al.,	2017;	Landrum	et	al.,	2018;	Van	der	Schoot	et	al.,	2018;	Dephenie	et	al.,	2017).	

	

6.4.3 IDENTIFICATION	 OF	 ZBTB18	 ZINC	 FINGER	 MISSENSE	 VARIANTS	
PREDICTED	 TO	 IMPACT	 ZBTB18	 FUNCTION,	 THROUGH	 THE	 USE	 OF	 A	
NEWLY	DEVELOPED	IN	SILICO	CONSENSUS	PRIORITISATION	APPROACH		

An	in	silico	consensus	prioritisation	approach	was	developed	and	employed	to	rank	

ZBTB18	missense	variants	by	 their	predicted	 functional	 impact.	The	 approach	utilised	 a	

range	of	previously	validated	in	silico	prediction	approaches	to	identify	ZBTB18	missense	

variants	with	a	predicted	 function	 impact.	Given	 the	 importance	of	 the	C2H2	zinc	 finger	

DNA-binding	domain,	a	selection	of	missense	variants	within	 this	domain	was	 identified	

for	 further	 in	silico	 and	 in	vitro	 experimentation.	 Variants	 that	 reached	 a	 consensus	 for	

either	 being	 likely	 impacting	 or	 benign	 were	 selected	 to	 validate	 the	 approach.	 The	

selected	 variants	 were	 used	 to	 determine	 the	 validity	 of	 this	 approach	 for	 the	

identification	of	variants	of	interest	for	neuronal	disorders.	Each	ZBTB18	missense	variant	

identified	within	the	gnomAD	cohort	was	classified	as	either;	(i)	likely	to	impact	ZBTB18	

function,	 consensus	 impact	 score	 >	 4.5;	 (ii)	 uncertain	 of	 impact	 on	 ZBTB18,	 consensus	

impact	score	4.5	-	3;	or	(iii)	likely	to	be	benign	and	not	impact	ZBTB18	function,	consensus	

impact	score	<	3.	The	zinc	finger	domain	was	divided	into	five	subsections,	with	variants	

selected	within	the	first	zinc	finger,	between	the	first	and	second	zinc	fingers,	within	the	

second	 zinc	 finger,	 the	 third	 zinc	 finger,	 and	 the	 fourth	 zinc	 finger.	 From	 these	 regions,	

variants	 with	 the	 highest	 and	 lowest	 consensus	 impact	 score	 were	 selected	 for	 the	
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additional	validation	experiments	(Table	6.4.3).	Due	to	the	low	number	of	variants	within	

each	subsection,	some	with	uncertain	predictions	were	included	in	the	selection,	as	they	

possessed	either	the	highest	or	lowest	consensus	impact	score	within	their	subsection.	

	

TABLE	6.4.3	PREDICTED	CONDITION	AND	CONTROL	VARIANTS	FOR	FURTHER	CHARACTERISATION.	

ZINC	FINGER	DOMAIN		
SUB-REGIONS	

HIGHEST	
SCORING	
VARIANTS	

IMPACT	
CONSENSUS	
SCORE	

LOWEST	
SCORING	
VARIANTS	

IMPACT	
CONSENSUS	
SCORE	

C2H2	–	1	 T400M	 5.5	 L398V	 2.5	

BETWEEN	
C2H2	-	1	AND	C2H2	-	2	

R403C	
R409C	

7.5	
6.5	 A414T	 2	

C2H2	–	2	
S422L	
G425R$	

5	
7	 K435R	 1	

C2H2	-	3#	 T450I$	 4*	 T450N	 3	

C2H2	–	4	 A476T	 5	 A476V	 4^	

Each	variant	was	classified	as	predicted	to	be	impacted	if	the	score	was	>4.5,	unknown	if	between	4.5	to	3,	and	benign	if	<3.		
*	Only	intermediate	scores	were	present	in	this	region;	thus,	variants	with	the	highest	and	lowest	values	were	used.	
^No	predicted	benign	scores	were	present	in	this	region;	thus,	the	variant	with	the	lowest	score	was	the	control.		
$		Two	variants	were	filtered	out	between	gnomAD	version	2.0.2	and	2.1;	however,	due	to	the	low	number	of	variants	within	
each	of	predicted	zinc	finger	regions,	and	that	the	initial	analysis	was	undertaken	with	version	2.0.2,	they	were	still	used.		
	

6.4.4 IN	 SILICO	 MOLECULAR	 MODELLING	 AND	 IN	 VITRO	 TRANSCRIPTIONAL	
REGULATION	EXPERIMENTATION,	IDENTIFYING	IMPACTS	OF	THE	SELECTED	
ZINC	FINGER	ZBTB18	MISSENSE	VARIANTS		

	Homology	 modelling,	 Molecular	 Dynamics	 (MD)	 simulations,	 and	 Molecular	

Mechanics-generalized	Born/Surface	Area	 (MM-GB/SA)	 calculations	were	undertaken	 to	

clarify	 the	 impact	 of	 each	 selected	 variant	 on	 the	 DNA-binding	 capacity	 of	 ZBTB18,	 in	

silico.	From	the	investigation	of	the	E1	and	E1mut	DNA	motifs	complexed	with	each	of	the	

variants,	 it	 was	 determined	 that	 the	majority	 of	 variants	 afford	 similar	 binding	 energy	

relative	to	the	wildtype	(WT)	complex.	However,	the	R409C	and	K435R	variants	exhibited	

major	deviations	(over	20kcal/mol)	in	binding	energy	relative	to	the	WT	complex	(Table	

6.4.4).	Conversely,	R409C-E1mut	was	found	to	have	a	greater	binding	energy	to	the	R409C-

E1	complex,	suggesting	that	this	variant	may	exhibit	binding	preference	for	the	E1mut	motif	

over	 the	E1	motif.	For	 the	majority	of	 the	other	variants,	 the	binding	energies	suggest	a	

preference	 for	 the	E1	motif	over	 the	E1mut	motif.	However,	 for	 the	A476V	variant,	 there	

was	a	moderate	increase	(24.4	kcal/mol)	in	the	calculated	binding	energy	from	the	E1	to	

E1mut	motifs.	In	the	case	of	the	E2	and	E2mut	DNA	motifs,	the	binding	energies	suggest	that	

the	 ZBTB18	 WT	 and	 majority	 of	 variants	 exhibit	 a	 preference	 for	 E2	 over	 E2mut.	 The	

T400M-E2,	 R409C-E2,	 and	 A476T-E2	 complexes	 were	 found	 to	 have	 improved	 binding	

energy	relative	to	the	WT	complex	(Table	6.4.4).	Interestingly,	four	of	the	seven	variants	

(T400M,	 T409C,	 S422L,	 and	 T450I)	 with	 different	 binding	 energies	 were	 predicted	 to	

impact	ZBTB18	function	through	the	in	silico	consensus	prioritisation	approach.		
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TABLE	6.4.4	-	BINDING	ENERGIES	DETERMINED	FOR	ZBTB18-DNA	COMPLEXES.	
	

	NSC*	indicates	non-stable	complexes	#	indicates	significant	differences	to	the	WT	complex	
	

		

Additionally,	per-residue	decomposition	of	MM-GB/SA	was	performed	to	determine	

the	 contributions	 of	 individual	 residues	 to	 the	 overall	 binding	 energy.	 Residues	

contributing	equal	to	or	less	than	-2.0	kcal/mol	in	any	one	of	the	complexes	were	included	

in	 an	 encompassing	 table	 (Supplementary	 Table	 A.4.1.1).	 For	 the	 R409C	 variant,	 the	

contributions	 to	 the	 binding	 energy	made	 by	 Lys445,	 Gln457,	 Arg482,	 and	 His493,	 are	

reduced	relative	to	WT.	These	residues	are	affected	rather	than	at	the	409th	residue,	which	

is	predicted	to	be	a	non-contacting	residue	in	the	WT-E1	complex.	In	addition,	the	increase	

in	binding	energies	between	E1	and	E1mut	for	this	variant	appears	to	be	due	to	changes	in	

binding	 energy	 contributions	made	 by	 Arg409,	 Ser410,	 and	 Tyr491.	 For	 the	 K435R-E1	

complex,	key	residues	Arg403,	Arg409,	His437,	and	Arg435	(replacing	Lys435)	all	make	

greater	 contributions	 to	 the	overall	binding	energy	compared	 to	 the	WT-E1	complex.	 In	

the	 case	 of	 the	 E2	motif,	 the	 A414T	 and	 A476T	 variants	were	 found	 to	 have	 a	 greater	

binding	energy	compared	to	the	WT	complex.	In	both	instances,	there	were	many	residues	

with	 dramatic	 increases	 in	 binding	 energy	 compared	 to	 the	 WT,	 including	 Asn461,	

Asn464,	 and	 His493.	 The	 S422L	 variant	 was	 the	 only	 substitution	 found	 to	 result	 in	

increased	binding	energies	between	the	E2	and	E2mut	motifs.	In	the	S422L-E2mut	complex	

Tyr458,	 Asn461,	 Arg464,	 and	 His493	 afford	 increased	 contributions	 to	 binding	 energy	

relative	 to	WT.	The	Ser422	 residue	 is	predicted	 to	be	a	non-contacting	 residue	 for	DNA	

binding	 of	 the	 WT-E2	 and	WT-E2mut	 complexes.	 Overall,	 the	 DNA-binding	 affinities	 for	

native	(E1	and	E2)	and	non-native	(E1mut	and	E2mut)	motifs	appear	to	be	impacted	by	some	

selected	 ZBTB18	 variants.	 This	 observation	 supports	 the	 notion	 that	 some	 variants	

identified	 to	 likely	 have	 an	 impact	 by	 the	 in	 silico	 consensus	 prioritisation	 approach	

impact	ZBTB18-mediated	DNA-binding.	

ZBTB18	
VARIANT	

Δ	GBIND	(KCAL/MOL)	

E1	MOTIF	 E1MUT	MOTIF	 E2	MOTIF	 E2MUT	MOTIF	

WT	 -119.9±0.3	 -117.1±0.3	 -125.2±0.3	 -94.0±0.3	

L398V	 -133.8±0.3	 NSC*	 -133.3±0.3	 -78.0±0.2#	

T400M	 -134.9±0.5	 -129.8±0.4	 -120.2±0.3	 -90.4±0.5	

R403C	 -125.2±0.2	 -117.2±0.4	 -111.3±0.4	 -108.3±0.3	

R409C	 -98.9±0.7#	 -123.3±0.3	 -142.1±0.4#	 -106.4±0.9	

A414T	 -124.2±0.4	 -94.8±0.5#	 -153.1±0.3#	 -83.9±0.4	

S422L	 -131.3±0.4	 -104.8±0.4	 -126.4±0.3	 -130.4±0.3#	

G425R	 -133.2±0.3	 -111.2±0.6	 -130.7±0.3	 -106.5±0.3	

K435R	 -142.13±0.4#	 -101.7±0.3#	 -135.7±0.3	 -99.5±0.3	

T450I	 NSC*	 -108.3±0.3	 -129.5±0.4	 -95.3±0.5	

T450N	 -120.5±0.5	 -111.03±0.7	 -131.7±0.3	 -118.7±0.2	

A476T	 -111.8±0.3	 -98.9±0.4#	 -137.3±0.3#	 NSC*	

A476V	 -119.3±0.4	 -126.7±0.4	 -121.6±0.4	 -92.4±0.5	
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TABLE	6.4.5	-	BINDING	ENERGY	DECOMPOSITIONS	FOR	SELECTED	RESIDUES	IN	ZBTB18-DNA	COMPLEXES.	

Four	residues	(Tyr458,	Asn461,	Arg464	and	His493)	with	significant	contributions	to	DNA	binding	are	included	for	
the	WT	 complex	 and	 each	 variant.	 Comprehensive	 lists	 describing	 binding	 energy	 decomposition	 values	 for	 all	 residues	
making	a	major	contribution	to	the	binding	energy	in	at	least	one	complex	is	provided	as	Supplementary	Table	A.4.1.1.		

	

Previous	work	has	shown	WT	ZBTB18	suppressed	luciferase	reporter	activity	for	a	

reporter	 construct	 harbouring	 the	 Rnd2	 3’	 enhancer,	 containing	 the	 E1	 and	 E2	 motifs	

(Hemming	 et	 al.,	 2019;	 Heng	 et	 al.,	 2013).	 In	 addition,	 this	 repression	 is	 found	 to	 be	

abolished	for	a	variation	of	the	Rnd2	3’	enhancer	construct	containing	both	the	E1mut	and	

E2mut	 motifs,	 confirming	 the	 sequence-specific	 binding	 of	 ZBTB18	 to	 native	 E1	 and	 E2	

motifs	 (Heng	 et	 al.,	 2013).	 Thus,	 luciferase	 assays	 utilising	 these	 Rnd2	 3’	 enhancer	

constructs	were	undertaken	to	investigate	the	impact	of	the	selected	variants	on	ZBTB18-

mediated	 transcriptional	 regulation.	 In	 the	 case	 of	 the	 Rnd2	 3’	 enhancer	 construct	

containing	 both	 native	 motifs,	 the	 G425R	 and	 T450I	 variants	 were	 found	 to	 have	

significantly	 greater	 levels	 of	 repression	when	 compared	 to	WT	 (Figure	 6.4.4A).	 In	 the	

case	of	 the	construct	 containing	 the	E1mut	and	E2	native	motifs,	R409C	and	A476T	were	

found	 to	 have	 significantly	 greater	 levels	 of	 repression	 (Figure	6.4.4B).	Additionally,	 for	

the	construct	containing	the	E1	native	and	E2mut	motifs,	S422L	and	T450I	were	found	to	

have	significantly	lower	levels	of	repression	compared	to	the	WT	(Figure	6.4.4C).	All	of	the	

variants	were	not	significantly	different	from	the	WT	construct	for	the	enhancer	variation	

containing	both	the	E1mut	and	E2mut	DNA	sequences	(Figure	6.4.4D).	Interestingly,	all	four	

of	the	variants	exhibiting	altered	levels	of	transcriptional	repression,	in	at	least	one	of	the	

assays,	were	predicted	to	impact	ZBTB18	function	in	the	in	silico	consensus	prioritisation	

approach.	Overall,	 the	 luciferase	assays	demonstrate	 that	 some	of	 the	 selected	missense	

variants	can	influence	ZBTB18	transcriptional	repression	capacity.	

	

	 ΔGBIND	(KCAL/MOL)	
PROTEIN	 Tyr458	 Asn461	 Arg464	 His493	

DNA	 E1	 E1mut	 E2	 E2mut	 E1	 E1mut	 E2	 E2mut	 E1	 E1mut	 E2	 E2mut	 E1	 E1mut	 E2	 E2mut	

WT	 -3.2	 -0.7	 -3.4	 -0.7	 -8.6	 -2.3	 -9.6	 -1.4	 -4.0	 -3.1	 -4.9	 -3.8	 -5.9	 -0.3	 -0.7	 -2.9	

L398V	 -2.4	 NSC*	 -1.6	 -0.7	 -7.9	 NSC*	 -6.4	 -1.8	 -4.8	 NSC*	 -4.6	 -4.3	 -2.4	 NSC*	 -4.3	 -0.6	

T400M	 -3.1	 -4.3	 -3.9	 -0.9	 -8.9	 -2.2	 -8.7	 -1.7	 -4.3	 -3.1	 -4.4	 -3.7	 -1.5	 -0.7	 -6.3	 -2.2	

	R403C	 -2.3	 -1.4	 -1.4	 -0.8	 -4.7	 -2.6	 -4.7	 -3.6	 -3.8	 -4.2	 -4.3	 -4.7	 -4.0	 -3.6	 -4.2	 -3.1	

	R409C	 -2.4	 -0.9	 -3.3	 -2.5	 -6.8	 -3.4	 -8.1	 -2.0	 -4.3	 -4.0	 -4.6	 -2.3	 -0.5	 -0.4	 -4.0	 -3.6	

A414T	 -2.9	 -1.8	 -1.5	 -0.7	 -7.9	 -2.1	 -5.8	 -1.5	 -4.5	 -3.0	 -4.6	 -4.1	 -0.6	 -4.0	 -4.2	 -2.3	

S422L	 -1.4	 -1.2	 -2.8	 -2.2	 -6.4	 -3.8	 -4.0	 -3.7	 -4.1	 -5.9	 -3.1	 -3.9	 -4.2	 -2.6	 -4.5	 -6.1	

G425R	 -2.1	 -1.1	 -1.4	 -0.8	 -6.7	 -2.6	 -6.4	 -2.9	 -4.8	 -3.7	 -4.5	 -5.6	 -0.6	 -2.1	 -4.4	 -4.0	

K435R	 -3.1	 -1.9	 -1.5	 -1.5	 -5.2	 -1.5	 -4.8	 -3.4	 -3.1	 -5.4	 -4.1	 -4.1	 -3.8	 -2.6	 -6.0	 -3.1	

T450I	 NSC*	 -3.2	 -1.3	 -0.7	 NSC*	 -1.3	 -6.9	 -2.4	 NSC*	 -2.6	 -4.2	 -4.8	 NSC*	 -2.9	 -3.5	 -4.0	

T450N	 -3.3	 -1	 -2.7	 -1.0	 -6.5	 -2.5	 -4.5	 -1.8	 -4.0	 -4.7	 -4.6	 -1.5	 -2.5	 -2.4	 -3.8	 -3.9	

A476T	 -3.0	 -2.3	 -1.4	 NSC*	 -8.0	 -1.2	 -5.1	 NSC*	 -4.5	 -2.9	 -4.2	 NSC*	 -2.7	 -0.8	 -5.9	 NSC*	

A476V	 -1.5	 -2.8	 -2.8	 -0.8	 -7.7	 -2.8	 -7.1	 -2.5	 -4.2	 -2.7	 -4.4	 -3.9	 -1.6	 -0.8	 -3.0	 -1.4	
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Figure	6.4.4.	–	Luciferase	reporter	assays	with	variations	of	the	Rnd2	3’-enhancer	
	(A-D)	Luciferase	reporter	assays	utilising	Rnd2	3’	enhancer	constructs	harbouring	native	E1	and	E2	motifs	(black	

segments);	or	mutated	E1mut	and	E2mut	motifs	 (grey	segments).	 (A)	Luciferase	reporter	assays	with	 the	native	Rnd2	3’-
enhancer;	only	the	G425R	and	T450I	variants	found	to	have	a	significantly	greater	level	of	repressor	activity	compared	to	
WT.	 (B)	Luciferase	 reporter	assays	with	 the	mutated	Rnd2	 3’-enhancer,	with	E1mut	and	E2mut	motifs.	No	variants	were	
found	 to	 significantly	 differ	 to	 the	WT.	 (C)	 E1mut	 and	 E2	 native	motif	 containing	 enhancer;	 only	 the	 R409C	 and	 A476T	
variants	 found	to	have	significantly	greater	 levels	of	repressor	activity.	 (D)	For	 the	E1	native	and	E2mut	motif	containing	
enhancer;	only	the	S422L	and	T405I	variants	found	to	have	significantly	lesser	levels	of	repressor	activity.	Values	represent	
fold-change	of	signal	relative	to	the	WT	ZBTB18	condition	±	SEM.	For	all	graphs	Kruskal–Wallis	performed,	 followed	by	a	
two-way	Mann–Whitney	U	test;	*P<0.05	compared	to	WT.	

	
The	 investigation	undertaken	has	 led	 to	 the	 identification	of	 some	benign,	 such	as	

T450N	 and	 A476V,	 and	 some	 potential	 disease-modifying	 variants,	 such	 as	 R409C	 and	

S422L.	 Several	 of	 the	 identified	missense	 variants	 from	 the	 gnomAD	 database	 show	 an	

impact	on	 the	 function	of	ZBTB18	(summarised	 in	Table	6.4.5).	These	 findings	highlight	

three	 variants	 of	 interest,	 R403C,	 and	 S422L.	 These	 two	 variants	 were	 identified	 in	

individuals	removed	from	the	non-neuro	sub-cohort	and	therefore	likely	diagnosed	with	a	

neurological	condition.	The	proportion	of	individuals	with	these	variants	(within	gnomAD	

version	2.0.2)	and	removed	from	the	non-neuro	sub-cohort	(R403C	33.33%	(19.33-51.67	

95%C.I.);	S422L	33.33%	(19.33-51.67	95%C.I.))	is	higher	than	that	of	the	other	individuals	

with	 ZBTB18	 missense	 variants	 (59/342;	 17.25%	 (17.01-17.56	 95%C.I.))	 and	 the	

individuals	in	gnomAD	as	a	whole	(18.91%	(114704/141456	(18.91-18.92	95%C.I.)).	Four	

of	the	five	variants	with	consensus	impact	scores	>	4.5	were	found	to	 impact	ZBTB18	in	

the	 two-characterisation	 experiments	 undertaken	 (in	 silico	 modelling	 and	 in	 vitro	

luciferase	assays).	In	the	case	of	the	variants	with	an	unknown	impact	(consensus	impact	

score	4.5	to	3),	only	one	of	the	four	was	observed	to	have	an	impact.	Of	the	three	variants	

predicted	 to	be	benign	with	 impact	 scores	<	3,	 all	 three	were	observed	 to	 impact	DNA-

binding	 in	silico	but	did	not	affect	 transcriptional	 regulation	 in	vitro.	Taken	 together,	 the	

luciferase	 assay	 and	 MM-GB/SA	 data	 demonstrates	 that	 some	 variants	 within	 the	

neurological	 sub-cohort	 can	 influence	 ZBTB18	 DNA	 binding	 and	 transcriptional	

repression.		

E1	ŵŽƚŝĨ E1mut�ŵŽƚŝĨ E2	ŵŽƚŝĨ EϮmut�ŵŽƚŝĨ

E19	sequences in	the	wildtype, while in the N461S and R495G variants, this preference is reversed.
The corresponding pair to this residue, dG 4’, is also a	major contributor to the binding energy,
particularly in	complexes involving E18 sequences. dG 6 generally makes major contributions	to the
binding energy in	the binding of the original sequences, while its contribution	is generally diminished	
in	the binding of the mutant sequences, despite this residue being the same in	both	the original and	
mutant sequences. A clear preference for dG	at position 9 is observed, with mutation to dA at this
position	generally poorly tolerated, and	in	some complexes, contributing unfavourably	to the
binding energy.

DISCUSSION

…
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Figure captions

Fig XX. Predicted structural basis of ZBTB18	<protein variant>	recognition of <DNA variant>. A. 3D
structure (prepared using PyMOL)	of	representative complex from MD simulations. ZBTB18	depicted
as cartoon with N- to C-terminal colouring from blue to red. Approximate domain colourings: C2H2 1
– blue-cyan; C2H2 2 – green-yellow; C2H2 3 – yellow-orange; C2H2 4 – orange-red. Zinc centres	
shown as	grey spheres, protein	residues listed	in	Table VV shown	as sticks. <DNA variant> depicted	
as mixed cartoon-sticks	with white backbone and nucleosides	coloured by type: deoxyadenosine –
white; deoxyguanosine – pale green; deoxythymidine – pale yellow;	deoxycytidine – pale pink. B. 2D
representation (prepared using NUCPLOT)	of	hydrogen bonds in the representative complex.
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Table SXX. Templates for each of the C2H2	subdomains of the ZBTB18	zinc finger domain.

Region Template (PDB ID) Sequence	alignment/region modelleda

C2H2 1 3UK3 FMCPLCNKVFPSPHILQIHLSTH
RECSYCGKFFRSNYYLNIHLRTH

C2H2 2 1MEY	(1) PTCSLCGKTFSCMYTLKRHERTH
YKCPECGKSFSQSSNLQKHQRTH

C2H2 3 1MEY	(1) YTCTQCGKSFQYSHNLSRHAVVH
YKCPECGKSFSQSSDLQKHQRTH

C2H2 4 5K5H (2) HACKWCERRFTQSGDLYRHIRKFH
YECYICHARFTQSGTMKMHILQKH

aIn	this column, the first row indicates the ZBTB18 sequence; the second	row indicates the template
sequence. Regions	not shown in this	table were modelled de novo by Prime during model building.

Table SYY. Templates for the E18	and E19	probe sequences.

DNA probe Template (PDB ID) Sequence	alignmentsa

E18 5KE6	(3) TAACAGATGTCTGTC
GAGGTGTGGC

AGGGAAAAGCCCGGG
E19 5KL2	(4) GGGCAGATGGGAGTA

GCGTGGGAGT
AGGGAAAAGCCCGGG

aIn each row of this column, the	first line	indicates the	DNA probe	sequences to be	modelled, the	
second line indicates	the DNA sequence contained in the PDB template and the third line indicates	

ce from PDB 2I13.

Table SXX. Binding energy decomposition	for all residues making a major contribution	to	the binding
energy in at least one	complex.a

wt N461S R495G
Residue E18 E18mut E19 E19mut E18 E18mut E19 E19mut E18 E18mut E19 E19mut
Lys386 -2.9 -4.4 -1.2 -2.3 -2.7 -3.4 -1.4 -1.9 -2.2 -4.0 -1.3 -4.5
Ser390 -1.2 -0.9 -3.3 -2.1 -2.1 -0.4 -1.8 -0.4 -0.6 -1.8 -3.6 -1.9
His392 -2.1 -0.8 -1.7 -5.0 -3.8 -1.5 -3.1 -3.4 -2.0 -1.1 -1.8 -4.2
His397 -3.4 -4.2 -1.5 -1.4 -3.7 -4.6 -0.3 -2.2 -4.6 -3.6 -0.3 -2.0
Thr400 -3.2 -2.6 -1.3 -0.6 -4.4 -3.8 -0.4 -1.9 -4.8 -3.6 -0.7 -0.3
Arg403 -1.5 -3.3 -2.2 -1.9 -4.9 -5.2 -1.8 -3.5 -5.0 -2.1 -0.9 -0.4
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E19	sequences in	the	wildtype, while in the N461S and R495G variants, this preference is reversed.
The corresponding pair to this residue, dG 4’, is also a	major contributor to the binding energy,
particularly in	complexes involving E18 sequences. dG 6 generally makes major contributions	to the
binding energy in	the binding of the original sequences, while its contribution	is generally diminished	
in	the binding of the mutant sequences, despite this residue being the same in	both	the original and	
mutant sequences. A clear preference for dG	at position 9 is observed, with mutation to dA at this
position	generally poorly tolerated, and	in	some complexes, contributing unfavourably	to the
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Fig XX. Predicted structural basis of ZBTB18	<protein variant>	recognition of <DNA variant>. A. 3D
structure (prepared using PyMOL)	of	representative complex from MD simulations. ZBTB18	depicted
as cartoon with N- to C-terminal colouring from blue to red. Approximate domain colourings: C2H2 1
– blue-cyan; C2H2 2 – green-yellow; C2H2 3 – yellow-orange; C2H2 4 – orange-red. Zinc centres	
shown as	grey spheres, protein	residues listed	in	Table VV shown	as sticks. <DNA variant> depicted	
as mixed cartoon-sticks	with white backbone and nucleosides	coloured by type: deoxyadenosine –
white; deoxyguanosine – pale green; deoxythymidine – pale yellow;	deoxycytidine – pale pink. B. 2D
representation (prepared using NUCPLOT)	of	hydrogen bonds in the representative complex.
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Table SXX. Templates for each of the C2H2	subdomains of the ZBTB18	zinc finger domain.

Region Template (PDB ID) Sequence	alignment/region modelleda

C2H2 1 3UK3 FMCPLCNKVFPSPHILQIHLSTH
RECSYCGKFFRSNYYLNIHLRTH

C2H2 2 1MEY	(1) PTCSLCGKTFSCMYTLKRHERTH
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Table SYY. Templates for the E18	and E19	probe sequences.

DNA probe Template (PDB ID) Sequence	alignmentsa

E18 5KE6	(3) TAACAGATGTCTGTC
GAGGTGTGGC

AGGGAAAAGCCCGGG
E19 5KL2	(4) GGGCAGATGGGAGTA

GCGTGGGAGT
AGGGAAAAGCCCGGG

aIn each row of this column, the	first line	indicates the	DNA probe	sequences to be	modelled, the	
second line indicates	the DNA sequence contained in the PDB template and the third line indicates	

ce from PDB 2I13.

Table SXX. Binding energy decomposition	for all residues making a major contribution	to	the binding
energy in at least one	complex.a

wt N461S R495G
Residue E18 E18mut E19 E19mut E18 E18mut E19 E19mut E18 E18mut E19 E19mut
Lys386 -2.9 -4.4 -1.2 -2.3 -2.7 -3.4 -1.4 -1.9 -2.2 -4.0 -1.3 -4.5
Ser390 -1.2 -0.9 -3.3 -2.1 -2.1 -0.4 -1.8 -0.4 -0.6 -1.8 -3.6 -1.9
His392 -2.1 -0.8 -1.7 -5.0 -3.8 -1.5 -3.1 -3.4 -2.0 -1.1 -1.8 -4.2
His397 -3.4 -4.2 -1.5 -1.4 -3.7 -4.6 -0.3 -2.2 -4.6 -3.6 -0.3 -2.0
Thr400 -3.2 -2.6 -1.3 -0.6 -4.4 -3.8 -0.4 -1.9 -4.8 -3.6 -0.7 -0.3
Arg403 -1.5 -3.3 -2.2 -1.9 -4.9 -5.2 -1.8 -3.5 -5.0 -2.1 -0.9 -0.4
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E19	sequences in	the	wildtype, while in the N461S and R495G variants, this preference is reversed.
The corresponding pair to this residue, dG 4’, is also a	major contributor to the binding energy,
particularly in	complexes involving E18 sequences. dG 6 generally makes major contributions	to the
binding energy in	the binding of the original sequences, while its contribution	is generally diminished	
in	the binding of the mutant sequences, despite this residue being the same in	both	the original and	
mutant sequences. A clear preference for dG	at position 9 is observed, with mutation to dA at this
position	generally poorly tolerated, and	in	some complexes, contributing unfavourably	to the
binding energy.

DISCUSSION

…
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Figure captions

Fig XX. Predicted structural basis of ZBTB18	<protein variant>	recognition of <DNA variant>. A. 3D
structure (prepared using PyMOL)	of	representative complex from MD simulations. ZBTB18	depicted
as cartoon with N- to C-terminal colouring from blue to red. Approximate domain colourings: C2H2 1
– blue-cyan; C2H2 2 – green-yellow; C2H2 3 – yellow-orange; C2H2 4 – orange-red. Zinc centres	
shown as	grey spheres, protein	residues listed	in	Table VV shown	as sticks. <DNA variant> depicted	
as mixed cartoon-sticks	with white backbone and nucleosides	coloured by type: deoxyadenosine –
white; deoxyguanosine – pale green; deoxythymidine – pale yellow;	deoxycytidine – pale pink. B. 2D
representation (prepared using NUCPLOT)	of	hydrogen bonds in the representative complex.
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E19	sequences in	the	wildtype, while in the N461S and R495G variants, this preference is reversed.
The corresponding pair to this residue, dG 4’, is also a	major contributor to the binding energy,
particularly in	complexes involving E18 sequences. dG 6 generally makes major contributions	to the
binding energy in	the binding of the original sequences, while its contribution	is generally diminished	
in	the binding of the mutant sequences, despite this residue being the same in	both	the original and	
mutant sequences. A clear preference for dG	at position 9 is observed, with mutation to dA at this
position	generally poorly tolerated, and	in	some complexes, contributing unfavourably	to the
binding energy.
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Fig XX. Predicted structural basis of ZBTB18	<protein variant>	recognition of <DNA variant>. A. 3D
structure (prepared using PyMOL)	of	representative complex from MD simulations. ZBTB18	depicted
as cartoon with N- to C-terminal colouring from blue to red. Approximate domain colourings: C2H2 1
– blue-cyan; C2H2 2 – green-yellow; C2H2 3 – yellow-orange; C2H2 4 – orange-red. Zinc centres	
shown as	grey spheres, protein	residues listed	in	Table VV shown	as sticks. <DNA variant> depicted	
as mixed cartoon-sticks	with white backbone and nucleosides	coloured by type: deoxyadenosine –
white; deoxyguanosine – pale green; deoxythymidine – pale yellow;	deoxycytidine – pale pink. B. 2D
representation (prepared using NUCPLOT)	of	hydrogen bonds in the representative complex.
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Table SXX. Templates for each of the C2H2	subdomains of the ZBTB18	zinc finger domain.
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Table SXX. Binding energy decomposition	for all residues making a major contribution	to	the binding
energy in at least one	complex.a
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TABLE	6.4.5	–	SUMMARY	OF	FINDINGS	FROM	VALIDATION	EXPERIMENTS	
	

ZINC	
FINGER	
DOMAIN	
SUB-

REGIONS	

VARIANT	
IMPACT	

CONSENSUS	
SCORE	

IMPACT	ON	IN	SILICO	
DNA	BINDING	

IMPACT	ON	IN	VITRO		
TRANSCRIPTIONAL	REGULATION	

PERCENTAGE		
OF	INDIVIDUALS	

REMOVED	FROM	NON-
NEURO	COHORT	E1	 E1MUT	 E2	 E2MUT	 E1/E2	 E1MUT/E2	 E1/E2MUT	 E1MUT/E2MUT	

C2H2	–	1	
L398V	 2.5	 N	 Y	 N	 Y	 N	 N	 N	 N	 (0	out	of	1)	

T400M	 5.5	 N	 N	 N	 N	 N	 N	 N	 N	 100.0%		(1	out	of	1)	

BETWEEN	
C2H2	-	1	
AND	

C2H2	-	2	

R403C	 7.5	 N	 N	 Y	 N	 N	 N	 N	 N	 33.33%		(1	out	of	3)	

R409C	 6.5	 Y	 N	 N	 N	 Y	 Y	 N	 N	 (0	out	of	1)	

A414T	 2	 N	 N	 Y	 N	 N	 N	 N	 N	 (0	out	of	7)	

C2H2	–	2	

S422L	 5	 N	 Y	 Y	 Y	 N	 N	 Y	 N	 33.33%		(1	out	of	3)	

G425R	 7	 N	 N	 N	 N	 Y	 N	 N	 N	 (0	out	of	1*)	

K435R	 1	 Y	 N	 N	 N	 N	 N	 N	 N	 50.00%		(1	out	of	2#)	

C2H2	-	3#	
T450I	 4	 Y	 N	 N	 N	 Y	 N	 Y	 N	 (0	out	of	1*)	

T450N	 3	 N	 N	 N	 N	 N	 N	 N	 N	 (0	out	of	1)	

C2H2	–	4	
A476T	 5	 N	 Y	 Y	 Y	 N	 Y	 N	 N	 (0	out	of	1)	

A476V	 4	 N	 N	 N	 N	 N	 N	 N	 N	 (0	out	of	2)	

*	The	individuals	with	the	G425	and	T450I	variants	were	removed	from	gnomAD	2.0.2	when	version	2.1	was	generated.	The	
reason	for	this	is	currently	undetermined,	and	therefore,	the	variants	are	still	included	within	characterisation	experiments.		
#	 One	 of	 the	 individuals	 possessing	 a	 K435R	 variant	 and	 removed	 from	 the	 non-neuro	 sub-cohort	 was	 removed	 from	
gnomAD	2.0.2	when	version	2.1	was	generated.	The	reason	for	this	is	currently	undetermined,	and	therefore,	the	individual	
is	still	included	in	characterisation	experiments.	
	

6.5 DISCUSSION		

Analysis	of	the	gnomAD	database	(Karczewski	et	al.,	2019)	showed	that	ZBTB	genes	

are	 under	 more	 protein	 sequence	 and	 functional	 constraint	 than	 other	 genes.	 These	

findings	 suggested	 that	 both	 their	 protein	 function	 and	 sequence	 are	 crucial	 for	 proper	

human	development.	 In	 the	case	of	ZBTB18,	no	LoF	variant	was	observed.	Furthermore,	

when	 the	 gnomAD	 structural	 variant	 callset	 (gnomAD-SV)	was	 inspected	 (Collins	 et	al.,	

2019),	 no	 structural	 variant	 encompassing	 ZBTB18	 was	 observed.	 These	 observations	

indicate	 that	 ZBTB18	 is	 severely	 constrained	 for	 LoFs	 and	 CNVs.	 Furthermore,	 CNVs	

comprising	 ZBTB18	 and	 numerous	 ZBTB18	 LoFs	 have	 been	 identified	 within	 clinical	

report	 papers	 and	 are	 associated	 with	 a	 spectrum	 of	 neurodevelopmental	 conditions	

(Landrum	 et	al.,	 2018;	 Van	 der	 Schoot	 et	al.,	 2018;	 Cohen	 et	al.,	 2017;	 Dephenie	 et	al.,	

2017).	 Later-onset	 neurological	 disorders	 are	 present	 within	 the	 gnomAD	 cohort.	 For	

ZBTB18	 and	 later-onset	 neurological	 disorders,	 there	 is	 a	 trend	 towards	 the	 increased	

odds	of	having	such	a	condition	when	possessing	a	ZBTB18	zinc	finger	missense	variant.	

From	 this	 observation,	 it	 is	 clear	 that	 further	 examination	 of	ZBTB18	missense	 variants	

was	needed	to	clarify	their	impact	on	ZBTB18-mediated	transcriptional	regulation	during	

neuronal	development.	
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The	in	silico	consensus	prioritisation	approach	employed	to	examine	and	predict	the	

impact	of	ZBTB18	missense	variants	involved	determining	the	consensus	of	findings	from	

a	range	of	prioritisation	approaches.	The	approach	represents	a	cumulative	assessment	of	

a	given	ZBTB18	variant	through	each	prediction	algorithm	to	reach	a	consensus,	and	does	

not	make	a	priori	assessment	of	the	accuracy	of	a	given	program.	All	of	the	prediction	tools	

used	to	establish	the	impact	consensus	scores	employed	varying	methodologies	to	predict	

a	missense	variant’s	 impact.	For	 instance,	Polyphen	version	2	employs	machine-learning	

classification	 and	 high-quality	 multiple	 protein	 sequence	 alignment	 within	 its	 analysis	

pipeline.	 The	 predictions	 made	 by	 this	 approach	 are	 based	 on	 protein	 sequence	 and	

structural	features	that	are	used	to	characterise	the	substitution	variant	(Adzhubei	et	al.,	

2013).	 To	 do	 this,	 Polyphen	 utilises	 the	 human	 variation	 and	 human	 divergence	 data	

provided	as	part	of	UniProtKB	(Adzhubei	et	al.,	2010).	Also,	these	two	datasets	were	used	

during	the	development	of	the	SIFT	prediction	tool.	The	SIFT	tool	uses	sequence	homology	

to	compute	the	 likelihood	that	an	amino	acid	substitution	will	have	an	adverse	effect	on	

protein	 function	 (Sim	et	al.,	2012).	A	 similar	 sequence	homology	approach	 is	utilised	by	

the	 PROVEAN	 algorithm,	 with	 the	 prediction	 based	 on	 the	 similarity	 of	 the	 missense	

variant	 sequence	 to	 a	 set	 of	 related	 protein	 sequences	 (Choi	 et	al.,	 2015).	 Likewise,	 the	

LRT	for	each	of	 the	ZBTB18	missense	variants	 is	generated	through	the	comparison	of	a	

data	 set	 involving	 32	 vertebrate	 species	 (Chun	 and	 Fay,	 2009).	 On	 the	 other	 hand,	 the	

SNAP2	 tool	maps	 the	 entire mutability	 landscape,	 generating	 an	amino	acid	 substitution	

matrix	 for	 each	 possible	 substitution	 variant	 within	 a	 protein	 (Hecht	 et	 al.,	 2013).	

Similarly,	 the	 scoring	 system	 developed	 by	 Grantham	 in	 1974	 does	 not	 use	 sequence	

conservation	 to	 determine	 the	 likely	 impact	 of	 an	 amino	 acid	 substitution.	 Instead,	 the	

Grantham	 score	 is	 generated	 by	merging	 information	 on	 the	 composition,	 polarity,	 and	

molecular	 volume	 of	 the	 amino	 acids	 involved	 (Grantham,	 1974).	 The	 Align-GVGD	

approach	is	based	on	the	Grantham	approach,	with	additional	modifications	described	as	a	

mathematically	simple	missense	substitution	analysis	algorithm.	The	Align-GVGD	method	

involves	the	generation	of	a	distribution	of	risk	in	the	GV-GD	plane	as	a	series	of	surfaces,	

with	 the	 contours	 from	 these	 surfaces	 used	 to	 determine	 the	 missense	 substitution	

prediction	 value	 (Tavtigian	 et	al.,	 2008).	 By	 using	 a	 range	 of	 prediction	 tools	 that	 use	

different	 approaches	 to	 predict	 the	 impact	 of	missense	 variants,	 this	 study	 exploits	 the	

benefits	of	each	approach.	Consequently,	this	approach	is	able	to	best	predict	the	impact	of	

these	general	population	variants.	However,	of	the	12	variants	which	were	prioritised	for	

functional	 testing,	 the	 in	silico	 consensus	 prioritisation	 approach	 alone	was	 not	 able	 to	

determine	the	impact	outcomes	of	missense	variants,	with	additional	investigation	of	each	

variant	needed.	Nonetheless,	the	prioritisation	approach	developed	within	this	study	does	
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make	 it	 possible	 to	 rank	 missense	 variants	 for	 further	 investigation,	 highlighting	 the	

importance	of	improved	methods	to	prioritise	variants	for	experimental	characterisation.	

	

The	in	silico	consensus	prioritisation	approach	developed,	lead	to	the	identification	

of	ZBTB18	zinc	finger	domain	missense	variants	that	impact	on	DNA	binding	in	silico	and	

transcriptional	 regulation	 in	 vitro.	 Interestingly,	 some	 of	 these	 variants	 were	 located	

within	 individuals	 removed	 from	 the	 non-neuro	 gnomAD	 sub-cohort,	 likely	 diagnosed	

with	 a	 later-onset	 neurodevelopmental	 disorder.	However,	 one	 of	 the	ZBTB18	missense	

variants	 identified	 within	 an	 individual	 removed	 from	 the	 non-neuro	 cohort	 did	 not	

impact	on	ZBTB18	function	(T400M).	Thus,	the	significance	of	such	a	general	population	

variant	to	ZBTB18	function,	and	progression	of	adult	neurological	impairment,	remains	to	

be	 better	 understood.	 Therefore,	 further	 examination	 is	 needed	 to	 clarify	 the	 impact	 of	

these	 variants	 on	 ZBTB18-mediated	 transcriptional	 regulation	 during	 neuronal	

development.	 In	 the	 future,	 electrophoretic	 mobility	 shift	 assays	 will	 help	 clarify	 the	

impact	 of	 these	 identified	missense	 variants	 on	 DNA	 sequence-specific	 binding	 in	vitro,	

while	chromatin	immunoprecipitation	studies	will	help	investigate	their	effect	on	genome-

wide	 transcriptional	 activity.	 Similarly,	 protein-protein	 interaction	 studies	 will	 help	

determine	 the	variants	 influence	on	ZBTB18	 interactions	with	protein	binding	partners,	

including	DNMT3A	(Fuks	et	al.,	 2001)	and	FOXG1	 (Cargnin	et	al.,	 2018).	 In	addition,	 the	

use	of	organoid	culture	studies	will	help	clarify	the	impact	of	these	variants	in	the	context	

of	human	neurodevelopment.	Presently,	the	current	work	demonstrates	how	the	analysis	

of	general	population	datasets,	such	as	gnomAD,	can	lead	to	the	prioritisation	of	missense	

variants	of	interest	for	this	further	investigation.		

	

Previous	 studies	 have	 also	 linked	 genetic	 variation	 implicating	 ZBTB18,	 resulting	 in	

dysregulation	 of	 brain	 development,	 to	 abnormal	 brain	 development.	 There	 is	 a	 strong	

association	 between	 both	 structural	 and	 single	 nucleotide	 genetic	 variants	 impacting	

ZBTB18	 and	 individuals	 with	 intellectual	 disability	 (Depienne	 et	al.,	 2017;	 Cohen	 et	al.,	

2017;	Hemming	et	al.,	2016;	Farwell	et	al.,	2015;	Edwards	et	al.,	2014;	Rauch	et	al.,	2012).	

Furthermore,	the	indirect	disruption	to	the	role	of	ZBTB18	as	a	transcriptional	regulator,	

either	 through	 alterations	 to	 DNA-binding	 sites	 (Weickert	 et	 al.,	 2008)	 or	 disrupted	

expression	 (Neueder	 et	 al.,	 2014),	 is	 found	 to	 be	 associated	 with	 the	 presence	 of	

schizophrenia	 (Guo	 et	 al.,	 2010;	 Weickert	 et	 al.,	 2008)	 and	 Huntington’s	 disease	

(Mastrokolias	et	al.,	2015;	Neueder	et	al.,	2014;	Jia	et	al.,	2012a;	Jia	et	al.,	2012b;	Zuccato	et	

al.,	 2007;	Zhai	et	al.,	 2005).	All	of	 this	previous	work	developed	a	 solid	platform	 for	 the	

notion	 that	disrupted	neuronal	 circuitry	due	 to	ZBTB18	 genetic	 variation	 could	possibly	
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result	 in	 the	 associated	 neurological	 disorder.	 Here,	 the	 finding	 that	 individuals	 with	

ZBTB18	 zinc	 finger	 missense	 variants	 have	 increased	 odds	 of	 later-onset	 neurological	

conditions	provides	considerable	support	for	this	previously	uncorroborated	observation.	

However,	while	this	and	other	studies	have	refined	the	ZBTB18-related	link	to	later	onset	

brain	disorder,	it	is	only	now,	via	analyses	such	as	the	one	undertaken	here,	that	this	link	

can	 be	 distinctly	 demonstrated.	 From	 these	 findings,	 it	 is	 now	 possible	 to	 begin	 to	

investigate	the	pathological	mechanisms	behind	these	associated	disorders.	

	

In	 additional	 to	ZBTB18,	 genetic	 variation	within	other	 genes	has	previously	been	

shown	 to	 be	 associated	 with	 neurological	 disorders	 and	 shown	 to	 be	 involved	 in	 the	

interplay	between	genetics	and	environment	leading	to	the	disorder	(reviewed	in	Akil	et	

al.,	 2010).	 One	 such	 gene	 is	 another	 member	 of	 the	 ZBTB	 family,	 zinc	 finger	 and	 BTB	

domain	 containing	 20	 (ZBTB20).	 Mutations	 in	 ZBTB20	 are	 associated	 with	 early-onset	

primrose	 syndrome	 and	 corpus	 callosum	 anomalies	 (Alby	 et	 al.,	 2018;	 Stellacci	 et	 al.	

2018).	 Additionally,	 hypermethylation	 of	 ZBTB20	 is	 associated	 with	 later-onset	 major	

depressive	 disorder	 (Davies	 et	 al.,	 2014).	 Interestingly,	 similar	 constraint	 trends	 to	

ZBTB18	 in	 gnomAD	 are	 observed	 for	ZBTB20.	 Both	 genes	 have	 observed-over-expected	

missense	variants	constrain	metrics	below	0.5	(0.46	for	ZBTB18	and	0.45	for	ZBTB20)	and	

LoF	constrain	metrics	below	0.15	 (0.00	 for	ZBTB18	 and	0.12	 for	ZBTB20).	Furthermore,	

both	 proteins	 are	 found	 to	 have	 enriched	 expression	 within	 brain-specific	 regions,	

including	 the	 cerebellum	 (Carithers	 et	al.,	 2015;	 Consortium	 et	al.,	 2014).	 Alterations	 to	

these	genes	are	predicted	to	result	in	disrupted	neuronal	circuitry	through	the	alteration	

of	 the	 number	 of	 neurons	 generated	 and	 able	 to	 form	 synaptic	 connections,	 the	

positioning	of	these	synapses,	their	physiology,	or	all	of	them.	All	of	these	events	can	result	

in	changes	to	neuronal	circuitry	(Cooper,	2013;	Homem	et	al.,	2016).	These	changes	have	

been	shown	to	contributing	to	the	development	of	neurodegenerative	disorders	(reviewed	

Lepeta	et	al.,	2016;	reviewed	in	McTeague	et	al.,	2017;	reviewed	in	Akil	et	al.,	2010).	This	

observation	 gives	 further	 insight	 into	 a	 proposed	mechanism	 behind	 how	 the	 gnomAD	

identified	 ZBTB18	 variants	 could	 facilitate	 the	 progression	 of	 later-onset	

neurological	disorders.	

	

Presently,	the	current	work	demonstrates	how	the	in	silico	consensus	prioritisation	

approach	developed	here	can	be	used	for	the	prioritisation	of	missense	variants	of	interest	

for	 additional	 investigation.	 Furthermore,	 the	 approach	 could	 be	 used	 to	 rank	 variants	

within	other	genes	to	then	be	taken	for	additional	experimental	investigation,	for	example	

ZBTB20.	Altogether,	this	study	concludes	that	there	is	the	possibility	that	dysregulated	of	
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ZBTB18	from	genetic	variation	could	result	in	altered	transcriptional	regulation	of	neural	

cell	proliferation	and	radial	migration.	The	 findings	within	 this	work	add	support	 to	 the	

notion	 that	 alterations	 during	 early	 brain	 development	 impacting	 on	 neuronal	 network	

formation.	 Consequently,	 these	 alterations	 have	 the	 potential	 to	 result	 in	 disruptions	 to	

neuronal	 circuitry	 formation	during	 early	 brain	 development	 and,	when	 combined	with	

environmental	factors,	lead	to	later-onset	neurological	disorders.	
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_______________________________________________________________________________________________________	

7 DISCUSSION AND CONCLUSION 
_______________________________________________________________________________________________________		

	

7.1 OVERVIEW	

Altogether,	the	work	presented	in	this	thesis	evaluated	the	impact	of	certain	genetic	

variations	within	ZBTB18	on	its	structure	and	biological	functions.	The	overarching	aim	of	

this	 thesis	 was	 to	 gain	 a	 greater	 understanding	 of	 the	 link	 between	 ZBTB18	 genetic	

variation	and	a	variety	of	associated	neurological	phenotypes.	Firstly,	the	research	in	this	

thesis	 refined	 the	 relationship	 between	 1q	 CNVs	 encompassing	 ZBTB18	 and	 abnormal	

brain	development.	Additionally,	the	thesis	progressed	the	understanding	of	how	the	loss	

of	Zbtb18	impacts	early	neuronal	development	within	the	mammalian	brain.	Furthermore,	

the	 thesis	 showed	how	specific	disease-associated	missense	variants	within	ZBTB18	 are	

likely	pathogenic	 for	the	associated	neurological	disorder.	Likewise,	 the	thesis	employed	

an	 in	 silico	 consensus	 prioritisation	 approach	 to	 select	 gnomAD-identified	 missense	

variants	 within	 the	 DNA-binding,	 C-terminal	 C2H2	 zinc	 finger	 region	 of	 ZBTB18.	 This	

resulted	in	the	identification	of	variants	with	functional	impacts	on	ZBTB18	in	vitro.	

	

7.2 RESEARCH	FINDINGS	AND	RELEVANT	DISCUSSION		

From	 work	 within	 this	 thesis,	 it	 is	 apparent	 that	 the	 loss	 of	 ZBTB18	 impacts	

neuronal	 development.	 Chapter	 3	 demonstrates	 that	 heterozygous	 loss	 of	 ZBTB18	 in	

humans	 results	 in	 abnormal	 brain	 development	 and	 severe	 brain	 disorders,	 largely	

microcephaly	 and	 intellectual	 disability.	 The	 analysis	 of	 the	 1q	 region	 reinforced	 the	

notion	 that	 haploinsufficiency	 for	 genes	 affected	 by	 distal	 1q	 CNVs,	 such	 as	 ZBTB18,	

directly	 contribute	 to	 the	 clinical	 presentation	 of	 abnormal	 brain	 development.	

Additionally,	within	mice	both	previous	work	(Baubet	et	al.,	2012;	Hirai	et	al.,	2012;	Xiang	

et	al.,	2012;	Okado	et	al.,	2009)	and	work	undertaken	as	part	of	this	thesis	within	Chapter	

4,	 show	 that	 homozygous	 loss	 of	 Zbtb18	 also	 results	 in	 abnormal	 brain	 development.	

However,	 there	 is	still	 the	conundrum	that	the	heterozygous	 loss	of	Zbtb18	 in	mice	does	

not	 result	 in	 the	 same	 abnormal	 brain	 development	 as	 seen	 in	 humans.	 From	 this	

observation,	it	 is	proposed	that	the	heterozygous	loss	of	Zbtb18	affects	a	subtype	of	cells	

that	 are	 present	 in	 different	 proportions	 in	 mice	 compared	 to	 humans.	 One	 suggested	

subtype	of	 cells	are	basal	 radial	glia.	Basal	 radial	glia	make	up	a	 large	proportion	of	 the	

primate	brain	but	are	only	a	small	part	of	the	mouse	brain	(Kelava	et	al.,	2012;	Wang	et	al.,	

2011;	 Shitamukai	 et	 al.,	 2011).	 Hence,	 changes	 to	 this	 cell	 subtype	 would	 be	 more	

pronounced	 in	 the	 human	 brain	 as	 a	 more	 significant	 proportion	 of	 cells	 are	 affected.	

	 7	
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However,	 additional	 investigations	 are	 needed	 to	 examine	 the	 possibility	 that	 the	

heterozygous	loss	of	Zbtb18	affects	this	cell	subtype	within	the	mouse	brain.		

	

Additional	 work	 in	 Chapter	 4	 utilising	 mouse	 in	 utero	 electroporations	 to	

knockdown	Zbtb18	expression	was	able	to	demonstrate	that	ZBTB18	loss	has	an	effect	on	

neuronal	 proliferation	 within	 the	 developing	 mammalian	 brain.	 The	 conclusions	 from	

chapter	 4	 report	 an	 interaction	 between	 ZBTB18	 and	 p27kip1,	 during	 neuronal	

proliferation.	 The	 interaction	 is	 at	 least	 partially	 responsible	 for	 the	 correct	 number	 of	

neurons	being	generated	within	the	ventricular	zone	of	the	developing	telencephalon.	The	

deregulation	of	controlled	proliferation	leading	to	a	reduction	in	the	number	of	cells,	and	

then	in	turn	to	a	smaller	than	average	brain,	is	termed	primary	microcephaly	(Nawathe	et	

al.,	2018).	From	the	findings	within	chapters	3	and	4,	it	is	suggested	that	one	cause	of	the	

microcephaly	 observed	 with	 humans	 with	 a	 heterozygous	 loss	 of	 ZBTB18	 is	 the	

deregulation	of	controlled	neural	proliferation.	Findings	from	the	investigation	of	a	Zbtb18	

conditional	 knockout	mouse	model	 support	 this	 link	 between	 deregulated	 proliferation	

and	 microcephaly	 (Xiang	 et	 al.,	 2011).	 Furthermore,	 the	 homozygous	 loss	 of	 ZBTB18	

appears	 to	 be	 incompatible	 with	 human	 life.	 With	 this	 currently	 supported	 by	 no	

homozygous	 CNVs	 or	 loss	 of	 function	 variants	 involving	 ZBTB18	 identified	 within	 the	

literature	(Karczewski	et	al.,	2019;	Hemming	et	al.,	2016).	Dramatic	disruptions	 to	brain	

structure,	such	as	microcephaly	and	macrocephaly,	are	known	to	result	in	varying	degrees	

of	 intellectual	 disability	 in	 affected	humans	 (Nawathe	et	al.,	 2018).	The	microcephaly	 in	

individuals	 with	 a	 single	 genetic	 loss	 of	 ZBTB18	 likely	 contributes	 to	 the	 intellectual	

disability	seen	in	such	individuals.	

	

In	 chapters	 5	 and	 6	 of	 this	 thesis,	 both	 early-onset	 and	 late-onset	 neurological	

phenotypes	 associated	 with	 ZBTB18	 missense	 variants	 were	 investigated.	 As	 the	 later-

onset	 neurological	 phenotypes	 are	 from	 a	 cohort	 of	 individuals	 removed	 from	 a	 non-

neurological	cohort,	the	individuals	can	only	be	inferred	to	have	a	disorder.	However,	from	

this	 work,	 it	 was	 identified	 that	 the	 missense	 variants	 associated	 with	 early-onset	

neurological	phenotypes	were	found	to	impact	on	a	greater	number	of	aspects	of	ZBTB18	

function.	For	example,	 the	R495G	variant	 associated	with	macrocephaly	 and	 intellectual	

disability	 investigated	within	 Chapter	 5	was	 found	 to	 affect	 nuclear	 protein	 localisation	

and	transcriptional	regulation.	Conversely,	the	S422L	variant	investigated	within	chapter	

6	was	found	to	be	associated	with	a	later-onset	neurological	condition	and	was	identified	

as	having	only	a	slight	effect	on	ZBTB18-mediated	 transcriptional	 regulation.	Previously	

the	deregulation	of	ZBTB18	and	its	downstream	targets	had	been	found	to	be	associated	
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with	 the	 presence	 of	 neurological	 disorders	 such	 as	 schizophrenia	 (Guo	 et	 al.,	 2010;	

Weickert	et	al.,	2008),	and	Huntington’s	disease	(Mastrokolias	et	al.,	2015;	Neueder	et	al.,	

2014;	Zhai	et	al.,	2005;	Jia	et	al,	2012a;	Jia	et	al.,	2012b;	Zuccato	et	al.,	2007).	However,	the	

findings	within	 Chapter	 6	 give	 some	 support	 to	 the	 notion	 that	 some	ZBTB18	missense	

variants	could	contribute	to	later-onset	neurological	conditions.	Only	now	through	the	use	

of	large-scale	population	genetic	studies,	such	as	gnomAD,	can	the	link	between	TFs,	such	

as	ZBTB18,	and	later-onset	brain	disorders	be	investigated.	The	findings	within	this	thesis	

suggest	 that	 the	 variety	 of	 phenotypic	 differences	 observed	 for	 the	 range	 of	 ZBTB18	

genetic	variation	is	likely	due	to	which	downstream	functions	of	ZBTB18	are	affected.	

	

Consequentially,	 an	 experimental	 investigation	 for	 the	 selection	 and	

characterisation	 of	 ZBTB18	 missense	 variants	 was	 established.	 The	 in	 silico	 consensus	

prioritisation	 approach	 developed	 to	 investigate	 ZBTB18	missense	 variants	was	 able	 to	

identify	 variants	 to	 take	 for	 additional,	 experimental	 characterisation.	 A	 few	 of	 the	

selected	gnomAD-identified	variants	(R403C	and	S422L)	predicted	to	impact	on	ZBTB18	

function	were	found	to	interfere	with	DNA	binding	in	silico	and	transcriptional	regulation	

in	vitro.	 Interestingly	 these	 variants	 were	 identified	 within	 individuals	 with	 later-onset	

neurological	 disorders	 included	 within	 gnomAD.	 Overall,	 this	 thesis	 has	 resulted	 in	 a	

greater	 understanding	 of	 how	 different	 types	 of	 genetic	 variation	 impact	 the	 role	 of	

ZBTB18	during	neuronal	development	(summarised	in	figure	7.2.1).	

Figure	7.2.1	–	Summary	of	Thesis	Aims,	Findings,	and	Final	Outcome	
Flow	diagram	summarising	the	aims	and	findings	identified	within	each	chapter,	leading	to	an	overall	outcome.	
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7.3 FUTURE	DIRECTIONS	

Although	 this	 thesis	 focuses	 on	 ZBTB18,	 I	 believe	 that	 the	 in	 silico	 consensus	

prioritisation	 approach	 developed	 can	 be	 employed	 to	 rank	 missense	 variants	 within	

other	brain	expressed	genes.	Thus,	identifying	missense	variants	that	could	likely	have	an	

impact	 on	 their	 gene’s	 function	 and	 should,	 therefore,	 be	 investigated	 further.	 For	

example,	ZBTB4	is	expressed	within	the	hippocampus	and	the	cerebellum	(Carithers	et	al.,	

2015;	Weng	et	al.,	2013).	Furthermore,	genetic	variants	within	ZBTB4	are	associated	with	

forms	of	Alzheimer’s	disease	(Blue	et	al.,	2018;	Weng	et	al.,	2013).	It	will	be	interesting	to	

apply	the	prioritisation	approach	developed	as	part	of	this	thesis	to	see	whether	missense	

variants	 within	 ZBTB4	 are	 likely	 to	 impact	 on	 function.	 Additionally,	 the	 prioritisation	

approach	could	be	utilised	to	investigate	the	variety	of	C2H2	zinc	finger	genes	that	make	

up	 the	 largest	 class	of	human	TFs	 (Najafabadi	et	al.,	 2015;	Weirauch	and	Hughes,	2011;	

Vaquerizas	 et	 al.,	 2009).	 For	 example,	 mutations	 within	 ZNF81	 have	 previously	 been	

associated	 with	 X-linked	 mental	 retardation	 (Kleefstra	 et	 al.,	 2004),	 while	 ZFP57	

mutations	are	associated	with	hypomethylation	of	multiple	 imprinted	 loci	 in	 individuals	

with	 transient	 neonatal	 diabetes	 (Mackay	 et	 al.,	 2008).	 The	 undertaking	 of	 missense	

variant	 prioritisation	 within	 these,	 and	 other,	 C2H2	 zinc	 finger	 genes	 could	 facilitate	 a	

greater	 understanding	 of	 how	 variation	 within	 these	 genes	 may	 impact	 human	

development.	Findings	from	this	work	could	eventually	facilitate	a	greater	understanding	

of	the	impact	of	genetic	variation	within	genes	that	is	likely	pathogenic	for	the	associated	

neurological	disorder.	

	

7.4 CONCLUDING	STATEMENT		

In	 this	 thesis,	 I	 have	 demonstrated	 the	 importance	 of	 ZBTB18-mediated	

transcriptional	 regulation	 and	 the	 impact	 of	 genetic	 variation	 on	 this	 role.	 The	 work	

undertaken	within	this	thesis	has	begun	to	explore	the	impact	of	ZBTB18	genetic	variation	

on	neuronal	development	and	human	brain	disorder.	My	thesis	has	accomplished	this	by	

(i)	refining	an	association	between	ZBTB18	CNVs	and	human	brain	disorder;	(ii)	defining	a	

mechanistic	 function	 for	 ZBTB18	 in	 embryonic	 cerebral	 cortex	 neurons	 to	 guide	 their	

development;	 (iii)	 identifying	 transcriptional	 regulation	 as	 a	pathological	mechanism	by	

which	ZBTB18	missense	variants	lead	to	human	brain	disorder;	and	(iv)	ascertaining	the	

impact	of	ZBTB18	missense	variants	from	the	general	population	that	influence	the	DNA-

binding	and	transcriptional	regulatory	functions	of	ZBTB18.	From	these	accomplishments	

my	thesis	has	gained	further	insight	into	the	impact	of	ZBTB18	genetic	variation	on	brain	

development	 and	 human	 brain	 disorder.	 In	 gaining	 further	 insight,	 this	 thesis	 has	

improved	the	genomic	validation	of	disease-causing	CNVs,	clarified	a	mechanism	of	action	
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for	ZBTB18	 in	neural	cells	during	cerebral	cortex	development,	explained	a	pathological	

mechanism	for	ZBTB18	missense	variants	in	brain	disease,	and	identified	some	functional	

consequences	 of	 specific	 missense	 variants	 within	 the	 general	 population.	 Notably,	 the	

in	silico	 consensus	 prioritisation	 approach	 presented	 within	 my	 thesis	 is	 able	 to	 rank	

missense	variants	within	a	gene	of	interest.	From	this	ranking,	a	selection	of	variants	can	

then	 be	 taken	 for	 further	 in	 silico	 and	 in	 vitro	 investigation.	 This	 variant	 selection	 is	

supported	 through	 the	 analysis	 of	 the	 impact	 of	 each	 variant	 on	 the	 transcription	

regulatory	 capacity	 of	 ZBTB18,	 mediating	 human	 brain	 development.	 I	 believe	 this	

approach	 has	 the	 potential	 to	 be	 employed	 for	 the	 prioritisation	 of	 missense	 variants	

within	 other	 transcription	 factor	 genes.	 Consequently,	 helping	 to	 facilitate	 the	

investigation	 of	 the	 impact	 certain	 missense	 variants	 have	 during	 transcriptional	

regulation	 and	 mammalian	 brain	 development.	 Overall,	 my	 thesis	 improves	 the	

understanding	 of	 the	 impact	 of	 genetic	 variation	 on	 the	 role	 of	 ZBTB18	 during	

neuronal	development	and	human	brain	disorder.	
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